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SUMMARY

A steady-state computer simulation model has been developed to describe the
performance of the total Six-Man, Self-Contained Electrochemical Carbon Dioxide
Concentrator Subsystem, referred to as C5-6, as built for the Air Revitalization
Group (ARG) of Space Station Prototype (SSP). The math model combines expressions
describing the performance of the Electrochemical Depolarized Carbon Dioxide
Concentrator (EDC) cells and modules previously developed with expressions
describing the performance of the other major C5-6 components. The model is
capable of accurately predicting CS-6 performance over EDC operating ranges and
the computer simulation results agree with experimental data obtained over the
prediction range.

Two computer programs were written utilizing the mathematical expressions devel-
oped to describe CS-6 performance. The first computer program, referred to as
the CS-6 Base Program, calculates the steady-state performance characteristics
of the CS5-6 subsystem and its components, including intercomponent and subsystem
fluid interface parameters, component and subsystem power and heat generation,
and subsystem equivalent weight. The second program, referred to as the C5-6
Cabin pCO, Simulation Program, utilizes the CS-6 Base Program with minor modi-
fications“as a subroutine to describe the daily cabin partial pressure of carbon
dioxide (pC0,) profile that would result from using the CS5-6 as the carbon
dioxide (CO2 removal subsystem in a simulated spacecraft air revitalization
application. The program takes a daily CO, generation profile and cabin volume,
and calculates and subtracts the 002 removdl rate to arrive at the daily cabin
pCO2 profile.

Seven experiments were conducted in support of the math model to (1) establish
the performance characteristics of the CS-6 and of the individual CS-6 subsystem
components and (2) verify the predictability of the two computer programs. The
experiments performed characterized the electrochemical modules, the process air
blowers, the cooling air blowers, the hydrogen (H,) flow sensor and distribution
mountings, the primary controller, the emergency controller, and the steady-
state CS-6 intercomponent interface parameters.

INTRODUCTION

In parallel to the development of an Electrochemical Carbon Dioxide Concentrator
Subsystem, Life Systems, Inc. had developed a steady-state computer simulation
model to predict the performance of the Electrochemical Depolarized Carbon
Dioxide Coni??trator {EDC) cells and modules over a wide range of operating
conditions, The objectives of the present program were to (1) expand this
existing model to predict the performance characteristics of the total Six-Man,
Self-Contained Electrochemical Carbon Dioxide Concentrator Subsystem, referred

- to as the CS-6, as built for the Air Revitalization Group (ARG) of Space Station
Prototype (SSP), and (2) develop two computer programs using the expanded model
to predict the steady-state performance characteristics of the C5-6 (first
program) and to determine the daily partial pressure of carbon dioxide (pCOZJ

(1) All references cited are listed at the end of the report.

1
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profile for a given spacecraft cabin volume and carbon dioxide (C02j generation
profile (second program).

To accomplish the objectives of the program, the program was organized into
three tasks and a program management function. The specific objectives of these
tasks were to:

1. Perform supporting experimentation to characterize subsystem com-
ponents and to verify the performance predictions of the expanded math
model.

2, Prepare the CS-6 Base Program by expanding the EDC computer simulation

model to enable predicting the steady-state performance characteristics
of the CS-6 as a total subsystem.

3. Prepare the CS-6 Cabin pCO. Simulation Program to predict CS-6 re-
sponse to a specified, repétitive CO., generation profile for a given
time period and a specified cabin volume. The pCO. Simulation Program
allows CS-6 performance to be characterized as a fimction of time for
constant input parameters, current and process air flow rate (Control
Mode A), and variable input control parameters for current and air
flow rates as a function of cabin pC02 (Control Mode B).

The CS-6 Subsystem and component testing was completed and the results were used
to develop the mathematical expressions describing CS-6 performance. These
experimentally obtained correlations were then combined with subsystem and
component mass and energy balances to write the CS-6 Base Program. The CS-6
Cabin pCO, Simulation Program was then prepared using the Base Program as a
subrouting to calculate CS-6 performance parameters as a function of time.

CS-6 SUBSYSTEM

The C5-6 was designed specifically as the Carbon Dioxide Collection Subsystem
(CC8) for the SSP program. The function gf the CS-6 is to remove 6.0 kg (13.2
1b)/day)of CO, from the cabin atmosphere *“and deliver the CO, premixed with
hydrogen (H,}"to the CO, Reduction Subsystem. The major cofiponents of the CS-6
are the eleCtrochemical“modules that actually perform the CO, removal function
and the supporting hardware required to manifold the process®gas streams (blowers,
valves, ducting, etc.) and control the CO, removal process. The detailed sche-
matic of the CS-6 subsystem is presented in Figure 1. The design specifications
for the CS-6 are presented in Table 1. A detailed description of the operation
and components of the CS-6 has been documented previously in literature.(2.3.4)
The description of the CS-6 subsystem that follows details how the subsystem
process streams and hardware were viewed for math modeling purposes.

Process Streams

A simplified functional schematic of the CS-6 subsystem is given in Figure 2.
The actual arrangement of the (CS-6 hardware is in two identical process loops.

2
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TABLE 1 CS-6 DESIGN SPECIFICATIONS

Number of Crew (Continuous)

CO.,, Removal Requirements

Nominal (48-Hr Average), kg/d (Lb/Day)
Maximum (4-Hr Duration), kg/d (Lb/Day)

Cabin Atmosphere

Total Pressure, kN/m? (Psia)

Temperature, X (F)

Dew Point Temperature, K (F)

0, Partial Pressure, kN/mZ (Psia)
Ca Partial Pressyre
Nominal, N/m~ (mm Hg)
Operating Range, N/mZ (mm Hg)
Diluent

2

Process Air , 2
Total Pressure, N/m” (Inch Water)
Temperature, X (F)
Dew Point Temperature, K (F)
0, Partial Pressure, kN/m2 (Psia)
c62 Partial Pressgre
Nominal, N/m™ (mm Hg
Operating Range, N/m” (mm Hg)
Diluent

Cooling Air 2
Total Pressure, N/m” (Inch Water)
Temperature, K (F)

H2 Supply 2
Total Pressure, kN/m” (Psia)
Temperature, K (F)
Dew Point Temperature, K (F)

H2 + CO, Exhaust
To%al Pressure

Electrical Power

Purge Supply
Type Gas
Pressure, kN/m" (Psia)

Packaging

Gravity

Allowable Downtime
Duty Cycle

6.0 (13.2)
3 (20.4)

101-105 (14.7-15.2)
291-297 (65-75)
281-287 (46-57)
21.0-22.6 (3.04-3.28)

<400 (<3)
200-400 (1.5-3)
Air Constituents

Ambient + 1455 (+ 6)
Dew Point + 3.34 (+ 6)
281-283 (46-~50)
21.0-22.6 (3.04-3.28)

381 (2.86) -
200-385 (1.5-2.89)
Air Constituents

Ambient + 1495 (+ 6)
Process Air Dew Point
+ 3.34 (+ 6)

<138 (<20)
291-297 (65-75)
283-289 (50-60)

Ambient

106-122 VRMS, 400 +40 Hz,
3P, 5 Wire

N

330 (45)
Self-Contained
0-1¢g

B-12 Hr
Variable(a)

(a) The SSP Specification cites potential orbital On/Off cyclic operation.
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Each loop has its own process air blower, cooling air blower, H, flow sensor and
distribution mounting, and three EDC modules. For math modeling purposes, both
process loops have the same performance characteristics. The simplification of
the subsystem hardware shown in Figure 2 reduces the number of computer program
outputs (and computer running time) required to describe C5-6 performance without
sacrificing model accuracy.

Process air is drawn from the inlet portion of the plenum through the cathode
compartments of the electrochemical cells by the process air blowers. Carbon
dioxide is removed from the flowing air stream as it passes over the cathode of
the EDC cells. The CO,-depleted air stream is then returned to the outlet
perticn of the plenum.”™ Likewise, cooling air is drawn by the cooling air blowers
from the inlet portion of the plenum over the external fin portion of the electro-
chemical cells. The cooling air, at a higher temperature, is then returned to

the outlet portion of the plenum. Excess process air entering the plenum bypasses
the subsystem through the plenum air bypass.

Process H, used by the electrochemical modules is manifolded to each module
through tWo identical H, sensor and flow distribution mounting blocks. Each
flow distribution block™equally manifolds H, flow to each of the three 16-cell
modules it serves. The H2 flows in series %hrough the 16 cells of each module.

Hardware Description

The CS-6 subsystem components were divided into Line Replaceable Units (LRUs).
The list of the major subsystem LRUs is presented in Table 2. Front and rear
photographs of the CS-6 showing the LRUs are presented in Figures 3 and 4,
respectively. Each of the LRUs were analyzed for power required, heat generation,
effect on gas stream pressure, temperature and composition, and actual component
weight for use in the total subsystem equivalent weight determination. Those
components that did not require power(a), generate heat, or affect gas stream
parameters during steady-state operation were not modeled. The LRUs not modeled
were the process air sensors, the electric shutoff valves, the backpressure
regulator, the pressure sensors, the combustible gas sensors, and the manual
shutoff valve. The electrical, motor-driven shutoff valves are not actuated’
during normal operation and hence require no power and generate no heat. Their
actuation only occurs during mode transitions (such as normal to shutdown);
however, even then the energy requirement is less than 57.5 J (0.016 watt-hours}.
All other components were characterized for use in the computer simulation

model. A brief description of those LRUs that were modeled follows.

Electrochemical Modules

The CS-6 contains six electrochemical modules. Each of the electrochemical
modules contains 16 cells. The electrochemical modules perform the actual CO
removal process by removing CO2 from the cathode air stream and concentrating it

(a) All sensor power required is accounted for in the controllers.
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TABLE 2  CS-6 LINE REPLACEABLE UNITS

Module, Electrochemical
Blower, Process Air

Blower, Cooling Air

Sensor, Process Air

Valve, Shutoff, Electric
Valve, Shutoff, Electric
Mounting, H2 Flow Sensor § Distribution
Valve, Regulator, Backpressure
Sensor, Pressure

Sensor, Combustible Gas
Controller, Primary
Controller, Emergency

Unit, Data Acquisition
Mounting, Load Transistor

Valve, Shutoff, Manual

SSP Item
No.

890
543
345
875
305
306
882
310
877
178
871
872
970
876

507
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Data Acquisition
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FIGURE 3 (CS-6 SUBSYSTEM (FRONT)
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Electrical Shutoff
Valves

306-37
- 306-38

Backpressure
Regulator

310-32

FIGURE 4 (CS-6 SUBSYSTEM (BACK)
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into the process H, stream. Moist air containing CO, is fed into the cathode
where the electrocﬁemical reaction of oxygen (0,) in"the air, water, and electrons
form hydroxyl ions (OH ). The CO, from the air“then reacts with OH forming
carbonate ions. The output from %he cathode compartment is moist air at a
reduced pCO,. At the anode side, H, is fed into the cell and electrochemically
reacts with“OH™ to form water and efectrons. The decrease in the OH concentra-
tion in the electrolyte at the anode produces.an equilibrium shift in the electro-
lyte which causes CO, to be released. The output from the anode compartment is

CO, mixed with unreacCted H,. The overall reaction is exothermic and is accompa-
nied by the formation of efectrical energy. The CO, removal process is primarily
a function of the inlet air pCO,, air flow rate, cefl current, and cell moisture
balance. Cell voltage and powel production is primarily a function of cell
current density and temperature.

Process Air Blowers

The CS-6 contains two centrifugal blowers to draw process air from the plenum
through the cathode compartment of the electrochemical cells. One blower is
used for each process loop. The process air flows in parallel through the 48
cells of each group of three modules. The blowers are located downstream of the
electrochemical modules such that heat generated by the blowers will not have an
adverse effect on the moisture balance within the electrochemical cells. The
blower power used to control the cathode air flow rate is dissipated as heat
into the cathode air stream exhausting the blower.

Cooling Air Blowers

The CS-6 contains two vane axial blowers to draw process air from the plenum
over the fins of the electrochemical modules. Each blower draws the air in
parallel over the fins of the 48 cells of a group of three modules. All heat
dissipated as inefficiencies within the electrochemical module that is not
removed by the cathode process air stream and process H, streams is removed by
the cooling air stream. One cooling air blower is used for each process loop.
The cooling air blowers are located downstream of the electrochemical modules.
The amount of cooling air required is determined by the temperature differential
between the dew point of the incoming process air and the dry bulb temperature
of the exiting process air stream from the module. The cooling air blower speed
is continuocusly modulated to vary the cooling air flow rate over the cell
cooling fins as required. All power used by the cooling air blowers is dissipated
as heat into the cooling air exiting the blowers.

Hydrogen Flow Sensor and Distribution Mounting

The CS-6 contains two H, flow sensor and distribution mountings designed to
provide equal H, flow t0 each of the six CS-6 submodules. Each flow distri-
bution block is"located upstream of the three electrochemical modules it serves.
The distribution block consists of three calibrated orifices and three flow
sensors. Power required by the flow sensors is accounted for in the controllers
and there is no heat generation. The blocks do affect H2 stream pressure drop.

10
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. Primary Controller

The primary contreller controls module current, process (cathode) air flow rate,
and the process air inlet dew point to module temperature differential. Two
control modes can be selected, Mode A and Mode B. 1In Control Mode A, current
and process air flow rate are controclled at a constant level throughout CS-6
operation. In Control Mode B, both parameters are a function of an external 0
to § volt DC signal which is assumed to originate from a pCQ, sensor. The ‘
module temperature control is independent of Control Mode A 6r B and basically
is a control of the cooling air blower speed to maintain the process air inlet
dew point to module temperature differential constant. The primary controller
also sequentially actuates subsystem components to place them in the proper.
configuration as dictated by an operating mode command or when an out-of-tol-
erance condition is sensed by the primary controller. Primary controller -
initiated shutdowns are those that are time critical and require immediate
action. There arg four primary controller initiated shutdowns: (1) high H,
pressure (48 kN/m~ (7.0 psig)), (2} low Hz pressure (<17 kN/m~ (2.5 psig)), (3)
high H,-in-air mixture (>1.5%) in the froiit of the subsystem, and (4) high Hé-in—
air miXture (>1.5%) in the back of the subsystem. ‘

Power required to run the controllers, not including the electrochemical power
generated by the electrochemical reactions, is dissipated as heat to the
surrounding environment and not to any process stream.

Emergency Controller

The emergency controller consists of a shutdown sequencer to provide for proper
component sequencing during an emergency controller-initiated subsystem shutdown.
Any out-of-tolerance condition for any one of eight subsystem parameters can
initiate this shutdown sequence. Those conditions which can cause a shutdown .
are:

1. High or low module temperature to inlet air dew point temperature
differential (12.2K (22F)) above the inlet dew point air temperature or
less than 8.9K (16F) above the inlet dew point temperature -

2, High power transistor temperature in the load transistor mounting heat
sink assembly (in excess of 366K {200F))}.

3. Greater than 2% H,-in-air mixture sensed by a combustible gas sensor
located in the front of the subsystem.

4. Greater than 2% H,-in-air mixture sensed by a combustible gas sensor
located in the redr of the subsystem.

5. High anode gas exhaust pressure in excess of 52 kN/m2 (7.5 psig).

6. Loss of primary controller power.

7. A H2 exhaust pressure less than 14 kN/m2 (2.0 psig).

11
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8. Low cell voltage in any one of the 96 cells (less than -0.25V).

Power utilized by the emergency controller is dissipated as heat given off to
the surrounding cabin environment.

Load Transistor Mounting

The load transistor mounting is located in the outlet portion of the process air
plenum to dissipate the power generated by the electrochemical cell reactions as
heat and reject it to the process air stream leaving the plenum,

(C5-6 MATH MODEL TEST PROGRAM

Experimentation specifically aimed at supporting the development of the CS-6
computer simulation model was required to establish the performance character-
istics of the CS-6 and its individual LRUs. Seven tests wers conducted. Six
were directly used to characterize the performance of LRUs while the seventh
established subsystem performance and intercomponent interface parameters for
eventual math model computer program verification. The six LRUs characterized
were: (1)} the electrochemical modules (to compare predictability of the module
math model previously developed), (2) the process alr blowers, (3) the cooling
air blowers, (4) the H, flow sensor and distribution mounting, (5) the primary
controller, and (6) thé emergency controller. The remaining LRUs consisting of
valves and sensors were not characterized since valve power and heat loads are
negligible and sensor power and heat load are included under either the primary
Or emergency controller.

Electrochemical Modules

A series of three experiments were conducted to verify the predictibility of the
electrochemical modules' performance within the CS-6 to determine if any upgrad-
ing of the previously established EDC cell math model was required. The electro-
chemical modules were characterized as a function of inlet pCOZ, current density,
and air flow rate over nominal operating ranges.

Process Air Inlet pco,

Module performance, specifically €O, removal efficiency, was expefimentally
characterized for a process air inlét pCO, range of 67 to 800 N/m”~ (0.5 to 6.0
mm Hg). The results of the pCO2 test and the math model prediction curve for
the test parameters are presentéd in Figure 5. The correlation between math
model prediction and experimental data was excellent, thereby verifying the
predictability of the electrochemical math model as a function of process air
inlet pCOZ.

Current Density

The effect of current densiEy on electrochemical module performance was character-
ized for 10.8 to 37.7 mA/cm” (10 to 35 ASF). The results of the experiment and
the math model prediction curve for the test parameters are presented in Figure 6.

12
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The test was conducted at CS-6 baseline interface conditions. At steady-state,
moisture-in-balance conditions, the predictions of the math model as previously
developed for CO, removal efficiencies agreed well with the performance data
observed for the“(CS-6. At the lower current densities, the EDC cell math model
predicted ocut-of-tolerance moisture conditions (wet) due to insufficient module
heat generation (module subcooling). Subsystem operation at the lower current
densities yielded lower than predicted transfer efficiencies characteristic of
operation at wet conditions(5). The data indicated excessively moist conditions,
as correctly predicted by the math model. At the higher current densities, the
math model predicted that the cell moisture conditions were removing water from
the electrolyte causing the modules to dry out. Subsystem operation at the
higher current densities yielded higher than Qgﬁdicted CO, removal efficiencies
characteristic of operation at dry conditions . The da%a indicated very dry
moisture conditions within the modules, as correctly predicted by the math

model. The deviations from in-moisture-balance operation were caused by the
variation in cell current density which changes the amount of water and waste
heat generated while maintaining the air flow rate and process air inlet moisture
conditions constant at SSP baseline conditions without adjustment in module
temperature level,

The previously established EDC cell math model predicts CO, removal efficiencies
based on the assumption that the cells are operating at sté€ady-state conditions
and that moisture balance is maintained within a specific, optimum range.
Steady-state operation, however, can also be achieved at less than optimum
moisture conditions within the electrochemical modules. Since this latter
condition is a possible operating mode for the CS-6, a moisture balance correc-
tion to allow prediction of CO, removal efficiencies as a function of the cell
moisture conditions, as indica%ed by the data, was subsequently incorporated
prior to completing the CS-6 subsystem math model.

Cathode Air Flow Rate

The effect of v%rying cathode air flow rates was characterized for the range of
14.2 to 28.3 dm“/s (30 to 60 scfm). The results of the experiment and the EDC
cell math model prediction curve for the test parameters are presented in Figure 7.

Air flow rate has a large effect on the heat and water removal rates and the
moisture balance conditions within the electrochemical cells. The data used in
the CO. removal efficiency correlation of the EDC cell math model was, as stated
above, based on cells operating in an optimum moisture balance range and did not
take into account the large changes in cell moisture conditions caused by varying
the air flow rate, as experienced in the actual subsystem operation. The CO
removal efficiency correlation of the initial EDC cell math model was, there%ore,
not adequate to predict CO. removal efficiency as a function of air flow rate.
Subsequently, additional data gathered on the CS-6 after the completion of the
original EDC cell math model was used to upgrade the air flow correlation for
electrochemical modules. This upgraded version was included in the CS-6 Base
Program.
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Process Air Blowers

The two CS-6 process air blowers were characterized to obtain air stream pres-
sure drops and blower power and heat load as a function of process (cathode) air
flow rate. The major pressure drop producing components in this air stream are
the EDC modules. The results of the module pressure drop versus flow rate
experiment are shown in Figure 8. System pressure drop as a function of air
flow rate is given in Figure 9. Blower power for the process air blower of
Section 1 and Section 2 as a function of air flow rate, at a corresponding
system pressure drop, is given in Figures 10 and 11, respectively.

The modules and system pressure drop versus air flow rate curves relate typical
pressure drop data as a function of air flow,rate. The blower power curve,
however, contains a spike at 14.2 to 16.5 cm”/s (30 to 35 scfm), resulting from
the combination of blower motor characteristics and blower speed control circuitry.
The spike was verified during all forms of operation and impliessthat only a

small change in air flow rate at flow rates greater than 14.2 dm™/s (30 scfm)

can cause large variations in the blower power requirement.

Cooling Air Blowers

The two CS-6 cooling air blowers were experimentally characterized to establish
blower power, heat load, and cooling air passage pressure drop. The results of
the cooling air pressure drop versus air flow rate test at two levels of plenum
inlet pressure levels are presented in Figure 12. The pressure drop associated
with ducting to and from the electrochemical modules did not significantly
contribute to the cooling air pressure drop in comparison to the module cooling
air pressure drop. The cooling air blower power versus air flow rate curves are
shown in Figure 13.

Figure 13 shows that for a plenum inlet air pressure of 286 to 336 Ném2 (1.15-
1.35 in water), a certain amount of cooling air (approximately 10 dm™/s (21 cfm)
flows through the cooling air passages with the cooling blowers off, i.e.,
blower power equal to zero. The amount of alr that bypasses the plenum and
flows over the cooling fins of the modules, when the cooling air blowers are
off, is determined by the overall system process air flow rate entering the
plenum. The higher the total system process air flow the higher the plenum
pressure differential and the higher the leakage air flow through the cooling
air passages. Dampers were installed in the cooling air passages to prevent
this bypass flow from occurring during times when cooling is not required. The
dampers, however, were not totally leak-tight and some air flow constantly
bypassed through the cooling air passages during cooling blower off operation.
This contributed to module subcooling during low current density and high process
{cathode) air flow rates.

Primary Controller
The CS-6 primary controller was characterized to determine the heat load and the

power required during steady-state C5-6 operation. All blower power, which only
passes through the controller, is handled separately and is not included in this
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requirement. The amount of power attributed to the primary controller to

control the operation of the CS-6 subsystem at steady-state conditions as measured
by a wattmeter on the power input was 85 watts. This power requirement is
constant and independent of subsystem parameter variations (i.e., current density,
cooling blower speed, or process air blower speed).

Emergency Controller

The CS-6 emergency controller was characterized to obtain the heat load and the
power required during steady-state operation. The steady-state emergency control-
ler power, as measured by a wattmeter, was 45 watts during normal CS-6 operation,
This power requirement is constant and independent of subsystem parameter varia-
tions,

C5-6 Subsystem

The CS-6 subsystem was characterized as a function of process air inlet pCo,,
current density, and process air flow rate to determine intercomponent inte¥face
conditions between LRUs within the CS-6. The objective of the testing was to
verify CS-6 math model prediction using these various intercomponent temperatures,
pressures, etc. The testing consisted of running the CS-6 at steady-state
conditions and monitoring pressures and temperatures throughout the system as a
function of changes in inlet pCO,, cell current density, and process air flow
rate. The location of the sampling taps are shown in Figure 14. The results of
the tests are presented in Table 3 and were used to verify math model predictien.
The subsystem was tested using existing ground support test equipment which was
not capable of supplying the total process air requirement to the plenum inlet.
Only cooling air was supplied to the plenum. Process air was supplied to the
electrochemical modules by a separate Air Supply Unit (ASU) at the required pCO.,,
dew point, and dry bulb temperature. The cooling air stream was at ambient pCO2
levels, but the temperature and dew point were maintained close to that of the
process air from the ASU. Exact temperature and dew point correlation, however,
was not obtained. Table 3 represents the data as if the CS-6 had been run in
its designed configuration (i.e., all process air entering the plenum). Slight
discrepancies in stream temperatures and dew points are present, but they had no
affect on the modeling effort.

Hydrogen Flow Sensor and Distribution Mounting

The two H, flow sensor and distribution mounting blocks were characterized to
obtain th€ nitrogen (N,) and H, pressure drops as a function of flow rate through
the distribution mounting. Thé results of the N, and H, pressure drop experiments
are given in Figure 15. The H, pressure drop thfough tﬁe EDC modules was also
characterized and is presented”in Figure 16.

C5-6 BASE PROGRAM
The CS-6 Base Program is the computer program that was written to simulate the.
steady-state performance of the CS-6 as a function of variations in inlet stream

composition temperatures and flow rates, outlet streanm pressures, and the CS-6
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TABLE 3 CS-6 INTERCOMPONENT INTERFACE PARAMETERS FOR
BASELINE OPERATING CONDITIONS (2)

1 2 3 4 5 6 7 8 9 10 11 12
3
Flow Rate, dm™/s 210 165 25 19 25 19 25 19 210 0.162 0.162 0.154
Scfm 444 350 54 40 54 40 54 40 444 - - -
Slpm - - - - - - - - - 9.7 9.7 9.25
Pressure, () k/m® 0.242  0.075 -0.580  x(  1.910 o0.030 o0.062 0.060 51.3  34.6 X
In H,0 0.97 0.30 -2.33 X -7.67  ©0.12  0.25 X 0.24 - - -
Psig” - - - - - - - - - 7.4 5.0 X
Temperature, K 284 284 286 284 291 290 299 X 284 297 297 291
F 51.5 51.5  55.8 51.5 64.8  63.0 78,5 X 51.8  76.0  76.0  65.0
Dew Point, K 277 277 282 277 284 277 284 277 279 296 296 286
F 40.0 40.0  48.0 40,0 51.2  40.0 51,2  40.0 43.2  74.0  74.0  56.0

{a) Cell current = 4,88A,
(b} Above ambient.
(¢} X indicates data not taken.
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control parameters. The CS5-6 input variable ranges are given in Table 4. All
inputs to the computer program are entered in the engineering units shown in
Table 4. Table 5 is a complete list of the program input and output variables
and their units. The program also provides various checks to insure that input
data is within the model's range of predictability and to identify out-of-
tolerance operating conditions.

The program contains previously developed correlations describing the performance
of the EDC cells.{}) Additional correlations were developed describing CS-6
subsystem LRUs and process streams. The Base Program combines these correla-
tions with steady-state mass and energy balances, and the program checks to
simulate steady-state CS-6 performance. The original EDC math model computer
program was not used directly as a subroutine in the Base Program since the as-
sumption of cooling air being delivered at the required rate, optimum moisture
balance conditions, and exact control of module temperature were not applicable
because of the characteristics of the subsystem hardware. A certain amount of
program rearranging was also desired to decrease computer running time by calcu-
lating those items that require an iterative solution prior te the gross calcula-
tion of stream variables.

Model Analyses .
The math model which resulted in the CS-6 Base Program was developed by first
defining the inlet and outlet stream characteristics and parameters for the CS-6
at the subsystem level. An initial computer program was written to describe the
subsystem interfaces by expanding the math model developed for the EDC cells.
The analyses that were used to derive the mathematical expressions describing
the CS-6 intercomponent interface parameters were developed and incorporated:
into the initial program as required to calculate the remaining program outputs.

To clarify variable notation, numerical identifiers were given to the process
streams and equation variables. The stream identification numbers are presented
in Figure 17.

Process Air Correlations

The inlet process air stream to the C5-6 is divided into three streams: the
cooling air stream, the process (cathode) air stream, and the air plenum bypass
stream. Mathematical expressions were required and developed to describe the
stream flow characteristics and blower power requirements.

Cooling Air Pressure Drop. The pressure drop associated with flow through the
cooling air passages is the same as the pressure drop measured across the cool-
ing air fins of the electrochemical modules since the pressure drop associated
with the ducting is negligible. The correlation describing the cooling air pas-
sage pressure drop was derived by a least squares curve fit of pressure drop
data as a function of air flow rate to a general quadratic equation. The equa-
tion was forced to pass through the origin so that there would be zero pressure
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TABLE 4 (CS-6 BASE PROGRAM INPUT VARIABLE RANGES

Cabin Atmosphere

Total Pressure, P@PSA 13.7-15.7 Psia

pCo,, PCP 0.5-10 mm Hg

p02, PO@PSA 2-4 Psia
Process Air Outlet

Total Pressure, P8PSA 13.7-15.7 Psia
Process Air Inlet

Temperature, T7 44-80F (a)

Flow Rate, V7 0-600 Scfm

Dew Point Temperature, DW7 41-70F
Anode H2/C02 Outlet

Total Pressure, P4PSA 14,.8-21.2 Psia
System H2 Inlet

Temperature, T9 65-75F (a)

Flow Rate, V9SL 0-18 Scifm

Dew Point Temperature, DWO 10-75F
Modules

Number of Cells in Current, N 90-96

Curre?g3 I 2.44-9.76 A

DELT1 10-25F

Cathode Air Flow Rate, V1 19.2-76.8 Scfm (96 cells)
Penalty Weight Factors

Power, PWPEN ' 0-2 Lb/Watt

Heat Rejection to Ambient, HTPEN 0-2 Lb/Btu/Hr

Water Vapor Rejection to

Ambient, H20PEN 0-500 Lb/Lb H,0/Hr

Oxygen Consumption, OXPEN 0-3000 Lb/Lb 62/Hr
Program Control

NFLAG (&) 0-1

(a) Reference conditions for standard flow units: 70F, 14,7 Psia
(b) DELT1 {Module temperature - cathode air inlet dew point temperature)
{c) NFLAG 0 Out of tolerance moisture conditions do not stop program.

1 Out of tolerance moisture conditions do stop program.

nwu
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TABLE 5 CS-6 BASE PROGRAM INPUT AND OUTPUT VARIABLES

Input Variables

Cabin Atmosphere

Process Air Outlet

Process Air Inlet

Anode HZ/CO2 Qutlet

Anode H2 Inlet

Modules

Penalty Weight Factors

Control

Output Variables

Control
Module

Total Pressure, Psia
pCOz, mm Hg
pOZ, Psia

Total Pressure, Psia

Temperature, F
Flow Rate, Scfm
Dew Point Temperature, F

Total Pressure, Psia

Temperature, F
Flow Rate, Slpm
Dew Point Temperature, F

Number of Cells in Circuit .
Current, A
DELT1 (8) , F
Cathode Air Flow Rate, Scfm

Power Consumption, Lb/Watt

Heat Rejection, Lb/Btu/Hr

Water Vapor Rejection, Lb/Lb/Hr
02 Consumption, Lb/Lb/Hr

NFLAG 0 = ignore out-of-tolerance
moisture conditions
1 = azbort for out-of-tolerance
moisture conditions

Preferred Value of DELTlca), F

Transfer Index, Lb CO_/Lb 02
Transfer Efficiency, %
Cell Voltage, V

Module Voltage, V

CO,, Removal Rate, Lb/Hr

0, Consumption Rate, Lb/Hr
H, Consumption Rate, Lb/Hr
Wiater Production Rat%z Lb/Hr
Current Density, A/Ft

Heat Load of Modules, Btu/Hr

"Power Production of Modules, Watt'

(a) DELTLl = Module Temperature - Inlet Cathode Air Dew Point Temperature

-continued-
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Table 5 - continued

Cathode Air Inlet Total Pressure, mm Hg
pH,0, mm Hg
CO,, Flow Rate, Lb/Hr
Water Flow Rate, Lb/Hr
C0O, Flow Rate, Scfm
Wa%er Flow Rate, Scfm
0, Flow Rate, Scfm
N, Flow Rate, Scfm
Témperature, F
Dew Point Temperature, F

Relative Humidity, %

Cathode Air Outlet Total Pressure, mm Hg
' Module Cathode Air Pressure Drop, mm Hg
pCO.,, mm Hg
pH B, mm Hg

Tofal Flow Rate, Scfm

CO., Flow Rate, Scfm

Wa%er Flow Rate, Scfm

O2 Flow Rate, Scfm

N, Flow Rate, Scfm

Ca Flow Rate, Lb/Hr

Wa%er Flow Rate, Lb/Hr

Temperature, F

Dew Point Temperature, F

Relative Humidity, %

Cathode Air Blower Outlet Total Pres-
sure, mm Hg

Cathode Air Blower Cutlet Flow Rate,
Scfm

Cathode Air Blower Outlet Temperature, F

Process Air Inlet Total Pressure, mm Hg
pHZO, mm Hg
PN,, mm Hg
CO., Flow Rate, Scfm
Wa%er Flow Rate, Scfm
02 Flow Rate, Scfm
N, Flow Rate, Scfm
Dew Point Temperature, F

Relative Humidity, %

rrocess Air Outlet Total Pressure, mm Hg
pCOZ, mm Hg
Plefium Bypass Flow Rate, Scfm
Plenum Bypass Pressure Drop, mm Hg
Total Flow Rate, Scfm
Water Flow Rate, Scfm

C02 Flow Rate, Scfm
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Table 5 - continued

Process Air Outlet

H, Inlet

H, Outlet

Heat Balance, Modules

Cooling Air

33

0, Flow Rate, Scfm
pﬁ,O, mn Hg
Tefiperature, F

Dew Point Temperature, F
Relative Humidity, %

)

Total Pressure, mmn Hg

Water Vapor Pressure, mm Hg
Distribution Block Pressure Drop,
mm Hg

Module Inlet Total Pressure, mm Hg
Module Inlet pH,0, mm Hg

Module Inlet pH,, mm Hg

Total Flow Rate Scfm

H., Flow Rate, Scfm

Water Flow Rate, Scfm

H, Flow Rate, Lb/Hr

Minimum Required Flow Rate, Slpm

Total Pressure, mm Hg

Module Anode Gas Pressure Drop, mm Hg

Water Vapor Pressure, mm Hg

Flow Rate, Scfm

CO, Flow Rate, Scfm

H.,"Flow Rate, Scfm

Water Flow Rate, Scfm

Flow Rate, Slpm

€O, Flow Rate, Slpm

H,"Flow Rate, Slpm

Total Flow Rate, Lb/Hr

C02 Flow Rate, Lb/Hr

H2 Flow Rate, Lb/Hr

Wdter Flow Rate, Lb/Hr

Dew Point Temperature, F

C0.,-H, Weight Ratio, Lb CO,/Lb H

i, %co?
2 772

Modules Heat Load, Btu/Hr
Cathode Air Heat Pickup, Btu/Hr

Anode Gas Heat Pickup, Btu/Hr

Cooling Air Heat Pickup, Btu/Hr

Volume Ratio, Slpm 2/Slpr% CO2

Inlet Pressure, mm Hg

Cooclant Channel Pressure Drop, mm Hg
Outlet Pressure, mm Hg

Flow Rate, Scfm

Inlet Temperature, F

Qutlet Temperature, F
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Table 5 - continued

Cooling Air Heat Transfer Coefficient, Btu/Hr/FtZ/F
Fin Efficiency, %
Flow Rate Over Cells in Circuit, Scfm
In Circuit Outlet Temperature, F
Cooling Blower Outlet Pressure, mm Hg
Cooling Blower Outlet Flow Rate, Scfm
Cooling Blower Outlet Temperature, F
Cooling Damper Pressure Drop, mm Hg
Minimum Leakage Flow Rate, Scfm

Actual Veolumetric Flow Rates Modules Cathode Air Inlet, Cfm
Modules Cathode Air Outlet, Cfm
Modules H2 Inlet, Cfm
Modules H,-CO., Outlet, Cfm
Modules Coolifig Air Inlet, Cfm
Modules Cooling Air Qutlet, Cfm
Modules Cooling Air Outlet From Cells
in Circuit, Cfm
Process Air Inlet, Cfm
Process Air Qutlet, Cfm
System H, Inlet, Cfm
Process iir Plenum Bypass Outlet, Cfm
Cathode Air Blowers Outlet, Cfm
Cooling Blowers Outlet, Cfm
Cooling Dampers Outlet, Cfm

Equivalent Weight Cooling Blower Power, Watt
Cathode Blower Power, Watt
Primary Controller Power, Watt
Emergency Controller Power, Watt
Data Acquisition Unit Power, Watt
Total System Power, Watt
Total Heat Rejection, Btu/Hr
Power Consumption Penalty Weight, Lb
Heat Rejection Penalty Weight, Lb
Water Vapor Rejection Penalty Weight, Li
02 Consumption Penalty Weight, Lb
Hardware Weight, Lb
Total Equivalent Weight, Lb

34



Life Systems. Jnc.

Process Air

Process Air

In Out
8 )
@ Plenum Process 8)
Air Bypass ‘g
—_——— Load Transistor
Lﬁ/‘ Mounting
Air A
Plenum [:
I—‘ —
(13 %
Flow |
Dampe 1 #”_11\
l*"@ Cooling Air ~ Process Air
Blower —® «t—— Blower
St
Fins
. : - 2
'\L}‘i
EDC Cells

@—”-H

H., Flow Sensor
Ana Distribution‘.—\‘

Mounting - V/'h
5

H2 In

=

Anode Gas Qut

FIGURE 17 PROCESS STREAM IDENTIFICATION NUMBERS

35



Life Systems. Jnc.

drop at zero air flow rate. The correlation derlved for the pressure drop as a
function of cooling air flow rate was

APS6 = 0.0101 V5 + 1,303 x 10> v52(®) (1
where
AP56 = the cooling air pressure drop, mm Hg
V5 = the cooling air flow rate, scfm

Plenum Bypass Pressure Drop.  Air that is not drawn through the electrochemical
modules or over the cooling fins bypasses the subsystem hardware through the air
plenum bypass. A correlation describing the pressure drop as a function of the
air plenum bypass flow rate was derived from experimental data. The experi-
mental data was curve-fitted to a general equation describing the pressure drop
as a function of the plenum bypass air flow rate squared. The mathematical ex-
pression obtained is

> y10?

AP78 = 2.25 x 10 (2)
where

AP78 = the air plenum bypass pressure drop, mm Hg

V10 = the air plenum bypass flow rate, scfm

The pressure drop was expressed as the square of the flow rate because of the
high turbulent flow characteristics and the dominance of entrance and exit
effects within the plenum bypass. The turbulence and entrance and exit effects
both lead to a second power relationship

Cooling Air Damper Leakage Pressure Drop. Pressure drop associated with the
cooling air dampers occurs when the cooling air blowers are off and cooling air
leaks around the dampers. The geometry of the closed dampers is such that a
slot flow correlation was indicated. The correlation derived from experimental

data is
-4 2
4P1213 = 8.6117 x 107~ V5 (3)
where
AP1213 = the cooling air damper pressure drop, mm Hg
V5 = the cooling air flow rate, scfm

The cooling air damper correlation presented only applies when the cooling
air blowers are off. The dampers are weighted such that when the cooling air

(a) All variables used in the equation presented in the Model Analyses
section use the common engineering units since the equations were
derived for direct use in the computer program.
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blowers start, the dampers open. The cooling damper leakage pressure drop is
assumed to remain constant as the dampers open.

Flow Rate Through the Cooling Air Dampers. When the cooling air blowers are off,
it is necessary to determine the cooling air flow rate caused by cooling air
damper leakage. Air that is not drawn through the cathode compartments of the
EDC cells must either flow through the cooling air dampers or the air plenum
bypass during cooling air blower off operation. The air flow division is given
by the equation

V7 = V10 + V5 + V1 (4)
where

V7 = the inlet plenum air flow rate, scfm

V1 = the process (cathode) éir flow rate, scfm

The pressure drop through the air plenum bypass and the cooling air dampers must
be equal, and the air flow will therefore divide to obtain the equal pressure
drops. The pressure drop equality is given by the equation

AP78 = P56 + AP1213 _ (5)
The division of air flow rate between the air plenum bypass and the cooling air

cavities can be calculated by solving equations (1-5) simultaneously for V5,
given V1 and V7. The resulting equation is

vs = -QB + [QB% - 4(QA) (@0)]? 6)
20
where
QA = -8.517 x 1074
QB = (4.5 x 10°>)(V7 - V1) + 0.0101
QC = -2.25 x 107° (V7 - v1)°

Substitution of V1, V7, and V5 into equations (2-5} yields V10, AP78, APS6, and
4P1213, respectively.

Process Air Inlet Pressure. The process air inlet pressure is calculated after
the heat balance is done and all flow rates have been established through the
three air passages. The inputs to the math.model are the ocutlet pressure at the
plenum as would be specified by the subsystem interfacing downstream of the (S-6.
The process air inlet pressure then is equal to the outlet pressure plus the
pressure drop across the plenum bypass, as given by the equation

P7 = P8 + AP78 (7)
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where
P7 = the process air inlet pressure, mm Hg

P8

the process air outlet pressure, mm Hg

EDC Module Pressure Drop. The expression for the process air drawn through the
cathode compartment of the EDC cells was derived from experimental data. A
general quadratic equation passing through the origin was least squares fit to
the experimental data. The equation obtained is

AP12 = 0.04877V1 + 0.001903V12 8)

where

4AP12 = the EDC module pressure drop, mm Hg

Process Air Blower Power. The expression for the process air blower power as a
function of air flow rate was derived from the experimental data gathered on
both blowers. Because of the spike in the power curve caused by the blower
speed controller, the total power curve was modeled by three straight line
segments. The equations derived were

PWRCTB = 2,8Vl + 153.8; for V1 £ 62 (9)

PWRCTB = 40V1 - 2150; for 62 < V1 < 65 (10)

PWRCTB = -34V1 + 2660; for 65 <V < 70 (11)
where

PWRCTB = the process (cathode) air blower power, W

Cooling Air Blower Power. The cooling air blower power is a function of the
coeling air flow rate and the air plenum bypass pressure drop. As air plenum
bypass pressure drop increases (higher bypass flow rates), cooling air blower
power was observed to decrease for a given cooling requirement. This decrease
is caused by the increased leakage flow rate through the cooling air dampers at
the higher plenum bypass pressure drop. Cooling blower power as a function of
air flow rate was measured experimentally for two air plenum pressure drops.
The correlations obtained through curve fitting for the two power curves are
given by the equations

PWH = 410 - 0.00396 (V5 - 368)°2 (12)

PWL = 410 - 0.00178 (V5 - 306)% (13)
where

PWH = the power at AP78 of 1.25 in water, W

PWL = the power at AP78 of10.05 in water, W
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An empirically derived interpolation parameter; TR, is used to calculate the
cooling air blower power at different plenum bypass pressure drops. The interpo-
lation equation cobtained was

PWRCLB = (TR) (PWH) + (1-TR) (PWL) (14)
where
PWRCLB = the cooling blower power, W
i — (AP78 A
A= 0.128 + 0.0546AP78 (16)

Process Hydrogen Correlations

Correlations for the process H, stream wetre required to calculate the EDC
module H. pressure drop as a function of H, flow rate, H, pressure drop across
the H ffow and sensor distribution mountifig, and to upgrade the anode gas
outlet dew point correlation used in the EDC cell math model.

EDC Module Hydrogen Pressure Drop. The pressure drop through the anode compart-
ment of the 16 series connected EDC cells as a function of H, flow rate was de-
rived from experimental data. The two equations describing %he anode compartment
pressure drop are

14.1,%-%
AP34 = 00,3822 Gﬁif' V3; for V3 < 22 (17)
14,1 0.8 1.75

AP34 = (—ﬁj—) [8.3183 + 0.4187 (V3 - 21.5801) " "] for

V3 2z 22 (18)

where
AP34 = the anode pressure drop, mm Hg
V3 =

the H2 flow rate, slpm
P4 = the anode gas outlet pressure, psia
Hydrogen Distribution Mounting Pressure Drop. The pressure drop associated with

H, flow through the H, distribution mounting was derived from experimental data.
T%e two equations obtdined are

14.1.9-8
8PO3 = 10.64 (T30 V3 for V3 < 6.2 (19)
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0.8 :
P93 = (%g—l-) [35.14V3 - 195.25 + {7+ 7570.6537W3) . o
V3 > 6.2 (20)
where
AP93 = the H2 distribution mounting pressure drop, mm Hg
P3 =

module H2 inlet pressure, psia

Anode Gas Dew Point Correlation. The anode gas dew point can be estimated from
the module temperature and the inlet and outlet cathode air dew points. The
correlation derived from experimental data is given by the equation

pwa = 0.77 (L2 D¥Zy L 4 23 (12) (21)

where
DW4 = anode gas outlet dew point, F

bWl

cathode air inlet dew point, F

DW2 cathode air outlet dew point, F

T2 = module temperature, F
The data that was used to derive the correlation is presented in Table 6.

EDC Module Correlations

The EDC cell and module math model previously developed required upgrading in
three areas: the module temperature and heat balance, the effect of process
(cathode) air flow rate on CO, removal efficiency, and the effect of cell moisture
conditions on C02 removal efficiency.

Module Temperature Correlation. The process (cathode) air out temperature,
defined as the module temperature, is controlled to a set level above the process
air inlet dew point temperature. The module temperature is maintained by control-
ling the cooling air blower speed to give the desired process air outlet to

inlet air dew point temperature differential. Four conditions exist which
prevent .the module temperature control from maintaining the temperature dif-

ferential:
1. Insufficient blower capacity,
2. Excessive cooling air damper leakage,
3. Insufficient cooling air temperature,
4. Insufficient module heat generation.
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TABLE 6 ANODE GAS OUTLET DEW POINT TEMPERATURE CORRELATION DATA(a)

Inlet Cathode Air Dew Point Temperature, K 280.9 - 281.4 280.3 281.4
Inlet Cathode Air Dew Point Temperaturec, T 46.0 47.0 45.0 47.0

Outlet Cathode Air Dew Point Temperature, K 284.2 284.0 283.8 284.3

Outlet Cathode Air Dew Point Temperaturc, F 52.0 51.6 50.0 52.2
Outlet Cathode Air Temperature, K ’ 299.2 299.7 297.0 299.5
Outlet Cathode Air Temperature, F ' 79.0 79.8 75.0 79.5

OQutlet Anode Gas Dew Point Temperature

Observed, K 286.4 286.7 285.2 286.8
Observed, F 56.0 56.5 53.8 56.6
Calculated, K 286.4 286.6 285.2 286.7
Calculated, F 55.9 56.3 '53.8 56.5

{a} C5-6 anode gas dew point data obtained during math model testing.
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Should one of these four conditions occur, it is necessary to calculate what
temperature the module will reach with the cooling air blowers in operating

range (off to maximum capacity). The new module temperature is iteratively
determined by solving the heat balance equations for cell voltage, heat generated,
fin heat transfer coefficient, fin efficiency, heat removal by the gas streams,
and the log mean temperature driving force for heat removal until the following
two equations are satisfied:

DTREQ = DTAVA (22)

HEATLOAD = AH_. _ + AHHZ + OH o (23)
where

DTREQ = the required log mean AT driving force

DTAVA = the available log mean AT driving force
HEATLOAD = the heat generated

&Hair = the heat removed by the process (cathode) air

AHH = the heat removed by the anode gas
2
AHcool = the heat removed by the cooling air

Air Flow Correlation. Experimental data indicated that the correlation ori-
ginally developed to predict CO, removal as a function of process (cathode) air
flow rate required upgrading, ( ?e air flow correlation was therefore upgraded
based on CS-6 performance data"“’. The new correlation that was obtained is
given by the equations

PA = (pCO,) (V1/0.44n) " (PC0)) (24)
£(pC0,) = [1 + 0.84 (pCOz)]e_0'84(pC02) (25)
where
PA = the normalized pCO2 for air flow rate, mm Hg
N = the number of EDC cells

The normalized pCQ., PA, is then used in place of the actual pCO2 in the CO2
removal efficiency correlations.

Moisture Balance-Carbon Dioxide Removal Efficiency Correlation. The original
EDC cell math model assumed that moisture was maintained within a preferred
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operating range. The CO, removal efficiency correlation did not account for
changes in CO, removal e%ficiency for moisture conditions outside the preferred
range. Moistu¥e conditions outside the preferred range occur since the module
temperature to process air inlet dew point temperature differential (DELT1)

control does not vary with changes in current and air flow rate. Hardware
limitations in controlling DELT1 and improper setting of DELT1 also cause nonpre-
ferred moisture balance conditions to occur. A correlation was therefore developed
to account for changes in CO, removal efficiency as a fUnTE}on of moisture

balance. The correlations dérived from experimental data are given by the
equation

1

TI TI [1 + 0.03536(DELT1 - 18.33)] (26}

where

TI1

the Transfer Index corrected for moisture balance

TI = the noncorrected Transfer Index
The data that was used to derive the cofrelation is‘presented in Figure 18.
Computer Program

The CS-6 Base Program consists of a main program and eight subroutines. The
main program manages input and output, directs calculation of heat and mass
balances, checks for cooling and cathode air blower operation within range,
checks for sufficient H, flow, checks plenum bypass flow, checks cell moisture
conditions within tolerdnce, completes all stream definitions, and calculates
total subsystem equivalent weight. The subroutines are called by the main
program and by each other to calculate water vapor pressure from dew point
temperature (PHTO), to calculate the dew point temperature from water vapor
pressure (DEWT), to calculate TI (TICOR), to find the root of a function (ROOT],
to calculate module temperature offset (TDRIFT)}, to calculate required and
actual module cooling air temperature drops dependent upon module temperature
(ERT1), to calculate required and actual module-cooling air temperature drops
dependent upon cooling air flow rate (ERT), and to check input variable ranges(T).

Program Description

A detailed description of the program is presented in the main program flow
chart and the subroutine flow charts, Appendix A. The program can be represented
by ten major divisions for simplicity.

1, Read in and playback input data.

2, Check input ranges.

3. Check for sufficient H2 flow and cathode blowers within range.
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9.

10.

Perform the heat balance including iterative solution governing module's
heat load, cooling fin efficiency and heat transfer coefficient,

cooling air flow rate, and module temperature.

Check the plenum bypass flow rate.

Calculate only stream parameters required for moisture balance checks.
Check module moisture conditions.

Complete all stream definitions.

Calculate subsystem equivalent weights,

Output results.

Also contained in Appendix A are the CS-6 Base Program Listing, the checks and
messages performed by the program, and the nomenclature and units' definitions.

Program Assumptions ,

The following assumptions were made in developing the CS-6 Base Program:

1.

2.

10.

Gas pressures are governed by the Ideal Gas Law and Dalton's Law.

Inlet H, flow rate greater than 1.3 times the stoichiometric amount
does no% affect TI.

Cabin air contains only NZ’ 02, C02, and water in signficant amounts.

Heat losses, leaks, and pressure drops in intercomponent lines are
negligible.

The number of allowable cells in CS-6 is 90-96.

Pressure drops depend upon standard flow rates only, except in the H
sensor block and anode passages, where absolute pressure may differ
significantly from atmospheric.

Transfer Index is proportional to a power of cathode air flow which
approaches 1 as pCO2 approaches 0, and diminishes to 0O as pCO2 increases.
The dependence of TI upon moisture conditions is approximated by a
linear function of the difference between module temperature and inlet
cathode air dew point temperature.

Steady-state exists in the subsystem.
At least 5% of the inlet process air must pass through the plenum

bypass to prevent backmixing of the outlet stream with the inlet - -
stream.
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11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

The outlet H, dew point temperature is approximated by a weighted
average of tﬁe module temperature, the inlet cathode air dew point,
and the outlet cathode air dew point. Cathode air removes the re-
maining moisture produced.

Cooling air dampers remain closed when the cooling blowers are off.
When open, cooling dampers' pressure drop remains constant.
Heat loss of modules and blowers to the ambient air is negligible.

Primary controller, emergency controller, and data acquisition unit
(DAU) reject waste heat only to the ambient.

Activation of valves is brief {less than one second) and adds no
significant power penalty.

Cooling air blower power depends upon flow rate reaching a plateau and
declining slightly at maximum flow. At lower flow rates, the power
depends increasingly upon the plenum bypass pressure drop.

Cathode air blower power depends upon flow rate. The prediction range
does not extend to very low flow rates, and the effect of differential

pressure is neglected.

Cooling fin efficiency and heat transfer coefficient depend on cooling
air flow rate only.

Differences between cells, modules, and sections are insignificant.

Inlet cooling air and inlet cathode air have the same temperature and
pressure.

Program Features

The following features were incorporated into the CS-6 Base Program.

1.

The program checks each set of input data to insure that each para-
meter is within its prediction range.

Cooling air flow rate is calculated for the set point module temper-
ature. Under certain conditions, however, the subsystem hardware is
unable to provide the required cooling air flow rate to control module
temperature at the set point. These conditions are (1) insufficient
blower capacity, (2) excessive cooling damper leakage, (3) insufficient
cooling air temperature, and (4) insufficient module heat generation.
For these conditions program logic calculates the temperature to which
the modules would drift with the cooling blowers in range, and proceeds.

All significant pressure drops are calculated based on flow rates and,
where appropriate, absolute pressure.
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4. Inlet stream pressures are calculated based on outlet stream pressures
and system pressure drops.

5. All significant component power consumptions and heat rejections are
calculated. All intermediate streams are completely specified regard-
ing temperature, pressure, composition, and flow rate.

6. Total subsystem equivalent weight is calculated from adjustable penalty
factors for heat rejection, power consumption, 02 consumption, and
water rejection,

7. Input data may be entered directly from a terminal or from a previously
prepared data file for convenience when a large number of problems are
to be done during the same run.

Model Results

Sample problems were run using the CS5-6 Base Program to verify the model's
predictability for subsequent incorporation into the C5-6 Cabin pCO, Simulation
Program. Output data from the program was checked against experimefital data and
the model upgraded throughout the development phase. Several sample outputs are
presented in Appendix B. The results corresponded well to experimental data as
expected since the major math model correlations (i.e., CO, removal efficiency,
blower power, gas stream pressure drop, etc.)} are empirica%ly based.

CS-6 CABIN pCO2 STMULATION PROGRAM

The CS-6 Cabin pCO, Simulation Program is the computer program that was developed
to simulate the st€ady-state spacecraft cabin pCO, profile resulting from the
interaction of a repeating daily metabolic CQ, gelleration profile and the CS-6

as the spacecraft CCS for a given cabin volumé.

The program calculates and outputs cabin pCO,, CO, removal rate and efficiency,
cell voltage, subsystem power requirements, SubsyStem equivalent weight, and
other subsystem parameters as a function of time for a given CO2 generation
profile. A list of the input variable ranges and their units aTFe presented in
Table 7. The complete list of input and output variables and their units are
presented in Table 8.

Model Analysis
The specific functions performed by the pCO2 simulation program are to define
Mode B (if required) from the input parameters and perform the integration over

each time interval to calculate the change in cabin pCO2 (for both Mode A and
Mode B}.

Mode B Definition

A typical Mode B control scheme is presented in Figure 19. Current and air flow
vary linearly with cabin pCQ,. Two sets of input data are used to define Mode
B; the minimum and maximum péO2 levels and their corresponding current and air
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TABLE 7 (CS-6 CABIN pCQ, SIMULATION PROGRAM
INPUT VARIABEE RANGES

Cabin Atmosphere

Total Pressure, P@PSA
pco,, PCP

po,; POPPSA
Temperature, TP
Volume, VOLUME

Process Air Outlet
Total Pressure, PBPSA
Process Air Inlet

Temperature, T7
Flow Rate, V7

Dew Point Temperature, DW7

Anode H2/C02 OQutlet
Total Pressure, P4PSA
System H2 Inlet

Temperature, T9
Flow Rate, V9SL

13.7-15.7 Psia
0.0001-10 mm Hg
2-4 Psia

44-80F

102-105 Ft3

13.7-15.7 Psia

44-80F )
0-600 Scfm @
41-70F

14.8-21.2 Psia

65-75F s
0-18 Scfm'?

Dew Point Temperature, DW9 10-75F
Modules

Number in Circuit, N 90-96

CurreTB} I 2.44-9.76 A

DELT1 10-25F

Cathode Air Flow Rate, V1
Penalty Weight Factors

5.0-76.8 Scfm (96 cells)

Power, PWPEN 0-2 Lb/Watt

Heat Rejection to Ambient, HTPEN 0-2 Lb/Btu/Hr

Water Vapor Rejection to

Ambient, H20PEN 0-500 Lb/Lb H,0/Hr

Oxygen Consumption, OXPEN 0-3000 Lb/Lb 62/Hr
Program Control

KMODEEE% 0-1

NFLAG 0-1

Minimum Current, BK(1) 2.4

4-9.76 A

(a) Reference conditions for standard flow units: 70F, 14.7 Psia

(b) DELT1 = Module temperature - cathode air inlet dew point temperature
(¢) KMODE = 0 Mode A

1 Mode B
(dJ NFLAG = 0 Out of tolerance moisture conditions do not stop program.

1 0Out of tolerance moisture conditions do stop program.

~continued-
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Table 7 - continued

pCO, for Minimum Current, BK(2) 0.0001-10 mm Hg
pCO2 for Maximum Current, BK(3) (0.0001-10 mm Hg
Maximum Current, BK{4) 2.44-9.76 A
Minimum Cathode Air Flow Rate, BK(5) 5.0-76.8 Scfm
pCO, at Minimum Cathode Air Flow

Rate, BK(6) 0.0001-10 mm Hg

pCO, at Maximum Cathode Air Flow

Raté, BK(7) 0.0001-10 mm Hg
Maximum Cathode Air Flow Rate, BK(8) 5.0-76.8
Number of Days to be Simulated, DAYS 0-10 Days
Integration Time Increment, DT 1-15 Minutes (
Output Table Time Increment, DPRINT 1-100 Minutes™

{a) DT must be chosen so that the length of each time step in the C02
generation rate table is a whole multiple of DT.
(b} DPRINT must be a whole multiplg of DT,
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TABLE 8

INPUT AND OUTPU

Input Variables

Cabin Atmosphere

Process Air Qutlet

Process Air Inlet

Anode H2/CO2 Outlet
Anode H2 Inlet

Modules

Penalty Weight Factors

Control

Mode B

Output Variables

Control

(a)

C5-6 CABIN pCO, SIMULATION PROGRAM

VARIABLES

Total Pressure, Psia
pCOz, mm Hg

p02, Psia
Temperaturg, F
Volume, Ft

Total Pressure, Psia

Temperature, F
Flow Rate, Scfm
Dew Point Temperature, F

Total Pressure, Psia

Temperature, F
Flow Rate, Sipm
Dew Point Temperature, F

Number of Cells in Circuit
Current, A

DELT1, F

Cathode Air Flow Rate, Scfm

Power Consumption, Lb/Watt

Heat Rejection, Lb/Btu/Hr
Water Vapor Rejection, Lb/Lb/Hr
02 Consumption, Lb/Lb/Hr

KMODE O = Mode A, 1 = Mode B
NFLAG O = ignore out-of-tolerance
moisture conditions
1 = abort for out-of-tolerance

moisture conditions

Minimum Current, A

pCO, for Minimum Current, mm Hg
pCO. for Maximum Current, mm Hg
Maximum Current, A

Minimum Cathode Airflow, Scfm
pCC, for Minimum Airflow, mm Hg
pCO, for Maximum Airflow, mm Hg
Maximum Cathode Airflow, Scfm
Maximum Number of Days to be Integrated,
Day

Integration Increment, Min
Printing Increment, Min

Preferred Value of DELTI (), p

-continued-

DELT1 = Module Temperature - Inlet Cathode Air

Dew Point Temperature

N
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Table & -~ continued

Module

Cathode Air Inlet

Cathode Air OQutlet

Process Air Inlet

51

Transfer Index, Lb CO./Lb O
Transfer Efficiency, %

Cell Voltage, V

Module Voltage, V

CO., Removal Rate, Lb/Hr
0,“Consumption Rate, Lb/Hr
H, Consumption Rate, Lb/Hr
Water Producticn Ra‘ce:Z Lb/Hr
Current Density, A/Ft

Heat Load Modules, Btu/Hr
Power Production of Modules, Watt

Total Pressure, mm Hg

pCO mm Hg

6 mm Hg

Flow Rate, Lb/Hr

Wa%er Flow Rate, Lb/Hr
Flow Rate, Scfm

Wa%er Flow Rate, Scim

02 Flow Rate, Scfm

N, Flow Rate, Scfm

Temperature, F

Dew Point Temperature, F

Relative Humidity, %

Total Pressure, mm Hg

Module Cathode Air Pressure Drop, mm Hg

pCO,, mm Hg
pH 8 mm Hg
%al Flow Rate, Scfm

Flow Rate, Scfm
Wa%er Flow Rate, Scfm
O2 Flow Rate, Scfm

Flow Rate, Scfm
cB Flow Rate, Lb/Hr
Wa%er Flow Rate, Lb/Hr
Temperature, F
Dew Point Temperature, F
Relative Humidity, %
Cathode Air Blower Outlet Total Pres-
sure, mm Hg
Cathode Air Blower Outlet Flow Rate,
Scfm

Cathode Air Blower Outlet Temperature,

Total Pressure, mm Hg
pH 0, wm Hg
pN mm Hg

Flow Rate, Scfm
Wa%er Flow Rate, Scfm

F
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Table § ~ continued

02 Flow Rate, Scfm
N, Flow Rate, Scfm
Déw Point Temperature, F

Relative Humidity, %

]

Process Alr Outlet Total Pressure, mm Hg
pCO , mm Hg
Plenum Bypass Flow Rate, Scfm
Plenum Bypass Pressure Drop, mm Hg
Total Flow Rate, Scfm
Water Flow Rate, Scfm
CO Flow Rate, Scfm
Flow Rate, Scfm
pﬁ O, mm Hg
Temperature 3
Dew Point Temperature, F
Relative Humidity, %

H, Inlet Total Pressure, mm Hg
Water Vapor Pressure, mm Hg
Distribution Block Pressure and Drop,
mm Hg
Module Inlet Total Pressure, mm Ig
Module Inlet pHZO, mm Hg
Module Inlet pH,, mm Hg
Total Flow Rate, Scfm
H, Flow Rate, Scfm
Water Flow Rate, Scfm
H, Flow Rate, Lb/Hr
Minimum Required Flow Rate, Slpm

H, Outlet Total Pressure, mm Hg
Module Anode Gas Pressure Drop, mm Hg
Water Vapor Pressure, mm Hg
Flow Rate, Scfm
CO, Flow Rate, Scfm
H,”Flow Rate, Scfm
Water Flow Rate, Scfm
Flow Rate, Slpm
CO, Flow Rate, Slpm
H.,"Flow Rate, Slpm
Tétal Flow Rate, Lb/Hr
CO0, Flow Rate, Lb/Hr
H,“Flow Rate, Lb/Hr
Water Flow Rate, Lb/Hr
Dew Point Temperature, F
(mzﬁ ngn,LbCO/WI{

H, CO2 Volume Ratio, Slpm a /Slpm Co

p 2
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Table 8 - continued

Heat Balance, Modules

Cooling Air

Actual Volumetric Flow Rates

Equivalent Weight

Modules Heat Load, Btu/Hr
Cathode Air Heat Pickup, Btu/Hr
Anode Gas Heat Pickup, Btu/Hr
Cooling Air Heat Pickup, Btu/Hr

Inlet Pressure, mm Hg

Coolant Channel Pressure Drop, mm Hg
Qutlet Pressure, mm Hg

Flow Rate, Scfm

Inlet Temperature, F

Outlet Temperature, F

Heat Transfer Coefficient, Btu/Hr/Ft /F
Fin Efficiency, %

Flow Rate Over Cells in Circuit, Scfm
In Circuit Outlet Temperature, F
Cooling Blower QOutlet Pressure, mm Hg
Cooling Blower COutlet Flow Rate, Scfm
Cooling Blower Outlet Temperature, F
Cooling Damper Pressure Drop, mm Hg
Minimum Leakage Flow Rate, Scfm

Modules Cathode Air Inlet, Cfm
Modules Cathode Air Qutlet, Cfm
Modules H2 Inlet, Cfm

Modules H,-CO, Outlet, Cfm

Modules Coolifig Air Inlet, Cfm
Modules Cooling Air Outlet, Cfm
Modules Cooling Air Outlet From Cells
in Circuit, Cfm

Process Air Inlet, Cfm

Process Air Outlet, Cfm

System H, Inlet, Cfm

Process ﬁlr Plenum Bypass Outlet, Cfm
Cathode Air Blowers Qutlet, Cfm
Cooling Blowers Outlet, Cfm

Cooling Dampers Outlet, Cfm

Cooling Blower Power, Watt

Cathode Blower Power, Watt

Primary Controller Power, Watt
Emergency Controller Power, Watt
Data Acquisition Unit Power, Watt
Total System Power, Watt

Total Heat Rejection, Btu/Hr

Power Consumption Penalty Weight, Lb
Heat Rejection Penalty Weight, Lb
Water Vapor Rejection Penalty Weight, Lb
0, Consumption Penalty Weight, Lb
Hardware Weight, Lb

Total Equivalent Weight, Lb
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flow rates. The program takes the two sets of inputs, determines the slope and
intercept for each set of inputs, and defines the equations for current and air
flow as a function of pCO,. These equations are then used in the pCO integra-
tion when control Mode B Is requested.

Cabin pC02 Integration

To obtain the cabin pCO, as a function of time, the main program performs a mass
balance on CO, in the cgbin for each of the integration intervals. Each mass
balance yields the pCQ, value at the end of the interval. The pCO, at the end

of the interval depends upon the average net CO, removal rate during the interval,
but the average removal rate depends upon the pEO at the end of the interval.
Neither value is known initially, therefore an 1terat1ve solution is necessary.

The equations which must be satisfied in the mass balance are:

P(t) = Pr-ae) + 5P|, « B[ 0 ot (27)
d
e =k 608 - RP(EN] (28)

where
P = cabin pCO2
t = time
At = integration increment

k = proportionality constant between net removal rate of
C02 and cabin pCO2

G = CO, generation rate, a function of time only,
ca%culated by the main program

R = CO, removal rate, a function of cabin pCO2 only,
ca%culated by the CS-6 BASE subroutine

The use of the arithmetic average derivative in Equation 27 is the same approxi-
mation used in Simpson’s Rule Integration. The error vanishes when the function
P(t) is parabolic over the interval. :

All variables are known for time t-At when the integration begins. An approxi-
mation for P(t) is substituted into Equation 28 and solved using the CS-6 BASE
 subroutine. The result is substituted into Equation 27 to recalculate P(t). The
correct P(t) is found when the approximate and the recalculated values of P(t)
agree, For the first approximation labeled "'1" in Figure 20, it is assumed that
. P{t) equals P(t - At).
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The first trial value is substituted into Equations 27 and 28, giving a re-
calculated value. This value is then used as the second trial value of P(t],
labeled 2" in Figure 20. The relation between trial and recalculated P({t) is
close to linear when the time increments are 15 minutes or less. The final P
value, labeled "3" in Figure 20, is at the intersection of the secant through
points 1 and 2, and the 45 degree line.

The BASE subroutine is called for the second and third values of P only. It is
not necessary for the first trial, which assumes constant pCOz, since the CO
removal rate would then also be constant. Each integration ificrement requires
only two subroutine calls with the convergence scheme used, compared to ten OT
more with schemes such as interval halving.

Computer Program

The €S$-6 Cabin pCO, Simulation Program consists of the main program and a number
of subroutines. Tﬁe main program manages input and output and performs integra-
tion of net CO, removal to calculate the cabin pCO, profile. The BASE subroutine
(the CS-6 Base“Program adapted with minor modifica%ions) provides all the CS-6
parameters to the main program, inciuding CO, removal rate. Subroutines are
utilized primarily by the BASE subroutine to relate water vapor pressure and dew
point temperature, to calculate the CO, Transfer Index (TI)}, to find the root of
a function, to calculate temperatures iand flow rates, to satisfy subsystem heat
balance, to check input parameters against their allowable ranges, and to calcu-
late current and cathode air flow rate for Mode B CS-6 operation.

Program Description

A detailed description of the CS-6 Cabin pCO, Simulation Program is presented in
the main program flow chart and the subroutifie flow charts, Appendix C. The
program can be divided into 14 major subdivisions for simplicity.

1. Determine input/output devices.

2. Read and write problem identifier.

3. Read in and print out (if desired) C02 generation table.

4, Read inputs for CS-6 BASE subroutine, Mode B parameters, integration

and print out parameters.

5. Determine whether table describing CS-6 at time zero is to be printed,
and input subscripts for selected variables to be printed as they vary
with time.

6. Calculate Mode B parameters.

7. Print out input data.

8. Check inputs and print names of any that are outside the prediction
ranges. :
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10.

11.

12.

13.

14,

Print description at time zero if desired.
Print headings for table.

Call BASE to perform pCO, integration over one or more intervals until
printing interval is reached. '

Print a line in the table.
Continue from Step 1l unless it is the end of the day.
Continue from Step 2 if steady-state has been reached or if the maximum

number of days has been integrated, otherwise continue from Step 10 to
integrate pC02 for an additional day.

Appendix C also contains the program listing, program checks and messages,
nomenclature and units, and the key to select output variables.

Program Assumptions

The following assumptions were made in the development of the CS-6 Cabin pCO2
Simulation Program.

1.

2.

3.

10.

~ functions of cabin pCO

The CO2 generation profile is a step function of time only.

Each step in the CO2 generation profile is an integer number of minutes.
Module set point temperature, an input, does not change during the day.
It is not a function of current demsity or air flow in either Mode A
or B.

Cabin air is uniform in composition at any time.

The Ideal Gas Law applies to the cabin air.

The cabin air contains 02, N2, COZ’ and water vapor only.

Cabin pHZO, p02, and total pressure are constant; pN2 and pCO2 vary.
The pCO., integration time increment, an integer number of minutes, is
chosen So that each CO, generation step contains an integer number of

X 2
increments.

In Mode B operation, current density and cathode air flow are linear
5 but are bounded by minimum and maximum values.

The graph of cabin pC02 versus time can be represented by a series of
parabolic segments.
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Program Features

The following features were incorporated into the CS-6 Cabin pCO2 Simulation
Program: ‘

1. The input items are checked by the program to insure that all are
within the prediction ranges.

2. Input may be entered directly from a terminal to take full advantage
of operator-program interaction, or from a previously prepared data
file for convenience when a large number of runs are to be done at
once.

3.  Qutput may be printed directly at the terminal or written in one or
more data files for convenience when a large amount of data is in-
volved.

4, A program option allows a table containing all subsystem parameters,
both constant and time dependent, to be either printed or omitted at
time zero of the simulatiomn.

5. Any number of the subsystem parameters may be selected for printing as
they vary at simulated time intervals.

6. The pCO, integration performed by the main program combines maximum
usage o% past values of pCO, with an interpolation algorithm so that
the BASE subroutine is required only twice during each simulated time
interval. The first time, only enough of the BASE subroutine is
executed to yield a trial CO, removal rate and check for achievement
of steady-state in the C5-6." The second call of the BASE subroutine
is extended only enough to calculate the final CO, removal rate, the
other selected subsystem parameters, and to verify steady-state in the
C8-6. These techniques have caused the calculation portion of the
program to consume less computing time than the printing of results.
Integration accuracy is four significant figures, minimum.

Model Results

The CS-6 Cabin pCO, Simulation Program was used to predict the cabin pCO, pro-
file and selected 88—6 performance parameters for control Modes A and B.” The
€0, generation profile used for the runs is presented in Figure 21. Sample
oufputs for the pCO2 Simulation Program are presented in Appendix D.

Sample cases for control Mode A were run to obtain the steady-state ECO profile
that would result, given initial cabin pCO2 levels of 0 and 1333 N/m (5 and 10
mm Hg). The results of three typical runs are presented in Figures 22, 23, and 24
for 4.88A, Mode A (1}, 3.66A, Mode A (2}, and 7.32A, Mode A (3), respectively. The
remaining input parameters are presented in Table 9. Similar samale cases for
control Mode B were run for initial pCO, levels of 0 and 1333 N/m”~ (0 and 10 mm
Hg). The pCO2 profiles for four typica} sets of Mode B parameters (Table 10)
are presented in Figures 25 through 28. The remaining Mode B inputs are presented
in Table 11.

59



Life Systems., Jnc.

0.8

0.7

Z

IH/q1 ‘93'Yy UOIIBIDUAY T(QD

o iy
< <

-
=

4]
j=]

0.2

0.1

A

0.4

0.3

o~
fan]

=

=

z

y/8y ‘o1ey uoTlRIAURYH ‘(0D

60

12 14 16 18 20 22 24
Time, h

10

FIGURE 21 CABIN CO2 GENERATION RATE PROFILE



19
Cabin pCOz, N/m2

1400

1200

1000

800

600

400

200

-] 10
Initial pCO . Control Parameters 19
1333 N/m" (10 mm Hg) Current, A 3 : 4.88
___o0 Air Flow Rate, dm /s (Cfm): 25.5 (54) 18
Performance Parameters 47
Equivalent Weight, kg (Lb): 997 (2197)
02 Consumption, kg/h (Lb/Hr) i
: 0,14 (0,31)
15
114
- 3
-2
’I
T 1
| | I i ! ] I | | 0
10 20 30 40 50 60 70 80 90 1406

Time, h

FIGURE 22 CABIN pC02 SIMULATION PROFILE FOR CONTROL MODE A(1l)

Cabin pCOz, mm Hg

UL ‘SWISAS 1Y



9

1400

1200

1000

800

600

Cabin pCOZ, N/m2

400

200

Initial pCO2 Control Parameters -1
2
1333 N/m Current, A 3 : 3.66
- o _ _ S0 mm Hg) Air Flow Rate, dm°/s (Cfm): 14.5 (30.7) -
Performance Parameters
Equivalent Weight, kg (Lb): 879 (1936) 1
02 Consumption, kg/h (Lb/Hr)
1 0.10 (0.23)
...... i}
4 - - - —
7
-
4
Fd
L’ ] | | L | 1 L 1 ]
0 10 20 30 40 50 60 70 80 30 100
Time, h |

FIGURE

23 CABIN pCO2 SIMULATION PROFILE FOR CONTROL MODE A(Z2)

10

Cahin pCOz, mm Hg

Y SHNSAS 21y



9
Cabin pC02, N/m2

1400

1260

1600

800

600

400

2040

0

Initial pCO2

1333 N/m

-————0

2 {10 mm

Control Parameters

Hg) Current, A 3 1 7.32
Air Flow Rate, dm™/s (Cfm): 33 (70)

Performance Parameters

Equivalent Weight, kg (Lb): 1310 (2886)

0, Consumption, kg/h (Lb/Hr)
: 0.21 (0.46)

40

50 60 70 80 90

Time, h

FIGURE 24 CABIN pCO2 SIMULATION PROFILE FOR CONTROL MODE A(3)

10

Cabin pCOz, mm Hg.

WP SWINSAS Y



Life Systems, Jue.

TABLE 9 INPUT VARIABLES FOR SAMPLE MODE A PROBLEMS

Cabin Atmosphere

Total Pressure, P@PSA 14.7 Psia
pCOz, PCQ 0.001, 10 mm Hg
poz, POPPSA 3.1 Psia
Tefiperature, T@ 70F 3
Volume, VOLUME 8000 Ft
Process Air Outlet
‘ Total Pressure, PBPSA 14.75 Psia
Process Air Inlet
Temperature, T7 S5F (a)
Flow Rate, V7 500 Scfm
Dew Point Temperature, DW7 SOF
Anode H,/CO, Outlet
' Tofal Pressure, P4PSA 20 Psia
System H, Inlet '
Temperature, T9 72F (a)
Flow Rate, V9SL 10 Scfm
Dew Point Temperature, DW9 69F
Modules
Number in Circuit, N 96
CurreTﬁj I 4,00, 3.66, 7.32 A
DELT1 22F
Cathode Air Flow Rate, V1 54, 30.7, 70 Scfm
(96 cells)
Penalty Weight Factors
Power, PWPEN 0.591 Lb/Watt
Heat Rejection to Ambient, HTPEN 0.128 Lb/Btu/Hr
Water Vapor Rejection to Ambient, H20PEN 134 Lb/Lb H,O/Hr
Oxygen Consumption, OXPEN 1536 Lb/Lb _2/Hr
Program Control
KMODEEE? 0
NFLAG 1
Number of Days to be Simulated, DAYS 4 Days(e)
Integration Time Increment, DT 15 Min(f)
Qutput Table Time Increment, DPRINT 60 Min

{a) Reference conditions for standard flow units: 70F, 14.7 Psia

(b) DELT1 = Module temperature - cathode air inlet dew point temperature
{c) KMODE = ¢ - Mode A; 1 -~ Mode B
(d) NFLAG = 0 - Qut-of-tolerance moisture conditions do not stop program

1 - Qut-of-tolerance moisture conditions do stop program
(e) DT must be chosen so that the length of each time step in the CO2 gen-
eration rate table is a whole multiple of DT
(f) DPRINT must be a whole multiple of DT
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TABLE 10 CONTROL MODE B PARAMETERS

Control Parameter

Minimum Current, BK(1), A

pCO2 for Minimum Current, BK{2), mm Hg
pCO2 for Maximum Current, BK(3), mm Hg
Maximum Current, BK(4), A

Minimum Cathode Air Flow ﬁate, BK({5), Scfm

pCO, at Minimum Cathode Air Flow Rate,
BK(8), mn Hg

pCO, at Maximum Cathode Air Flow Rate,
BK(%), mm Hg

Maximum Cathode Air Flow Rate, BK(8), Scfm

2.5

2.8
60

1.0

2.8
60

1.0

10.0
60

2.5

10.0
60

Hf SwASAS A1y
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TABLE 1!

Cabin Atmosphere

Total Pressure, P@PSA

pCO,, PCO

pO,; POPPSA
Tefiperature, TP
Volume, VOLUME

Process Air Outlet

Total Pressure, P8PSA

Process Air Inlet
Temperature, T7
Flow Rate, V7

Dew Point Temperature, DW7

Anode H_,/CQ, Outlet

To%al aressure, PAPSA

System H, Inlet
Temperature, T9
Flow Rate, V9SL

Dew Point Temperature, DW9

Modules

Number in Circuit, N

Curre I
DELTlIeE:‘l

Cathode Air Flow Rate, V1

Penalty Weight Factors
Power, PWPEN

Heat Rejection to Ambient, HTPEN
Water Vapor Rejection to Ambient, H20PEN
Oxygen Consumption, OXPEN

Program Control
e e
NFLAG *©

Number of Days to be Simulated, DAYS
Integration Time Increment, DT
Output Table Time Increment, DPRINT

(a) Reference conditions for standard flow units:
(b) N/A = Not Applicable

Module temperature - cathode air inlet dew point temperature
0 - Mode A;
0 - Out-of-tolerance moisture conditions do not stop program

{¢) DELT1
(d) KMODE
{e) NFLAG

1 - Mode B

INPUT VARIABLES FOR SAMPLE MODE B PROBLEMS

14.7 Psia
0.001, 10 mm Hg
3.1 Psia
T0F
8000 Ft
14.75 Psia
55F

265 Scfm(®)
50F

20 Psia
72F

10 Scfm®)
69F

96

22F

N/A

0.591 Lb/Watt
0.128 Lb/Btu/Hr
134 Lb/Lb H,O/Hr
1536 Lb/Lb az/Hr

1
1

4 Days
15 MinEfg
60 Min ‘&

70F, 14.7 Psia

1 - OQut-of-tolerance moisture conditions do stop program
(£) DT must be chosen so that the length of each time step in the CO, gen-

eration rate table is a whole multiple of DT
(g) DPRINT must be a whole multiple of DT
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In control Mode A,subsystem equivalent weight and 02 consumption remain con-
stant. In control Mode B, however, these two paraméters vary with time. The
steady-state daily equivalent weight and O, consumption profiles for the four
control Mode B runs are presented in Figurés 29 through 36. Subsystem power
consumption profiles and any other subsystem performance variable profiles can
likewise be predicted, depending upon the specific interests of the program
user. In this manner, control Mode A and control Mode B can then be compared on
the basis of the important performance parameters for a given application.

CONCLUSIONS

The following conclusions were reached as a direct result of the math model
development effort:

1. The CS-6 Base Program developed accurately predicts the performance
characteristics of the CS-6 as a subsystem over its typical range in
operating conditions.

2. The Cabin pCO, Simulation Program developed predicts cabin pCO, as a
function of a“given CO. generation profile and spacecraft cabin volume
for the C5-6 as the CC5.

3. The Cabin pCQ, Simulation Program provides a tool for the system
designer for iise in trade studies to determine subsystem equivalent
weight, O, consumption, power consumption, and cabin pCO, as a function
of a CO2 generation profile for both control Mode A and Control Mode
B.

4. The (S-6 Base Program and Cabin pC0, Simulation Program can be up-
graded for use as a hardware design tool. Hardware limitations such
as cooling air damper leakage and blower capacity could be eliminated
from the program. The result of the upgrading would be a hardware design
tool specifically aimed at sizing and designing an EDC CO2 removal sub-
system for general spacecraft application.

5. The experimental work completed provided the necessary data to model
the performance of the C5-6 and to verify the model's predictability.
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900 - 2000
r
e o CT2EE .__7_._.-_-4': _______ —
800 }
700 L
-4 1500
600 - 1}
0 4 L ! I [ [ I l | L 0
0 2 4 6 8 10 12 14 16 18 20 22 24

Time, h

FIGURE 32 STEADY-STATE DAILY EQUIVALENT WEIGHT PROFILE FOR CONTROL MODE B(4)

Equivalent Wt, Lb
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0, Consumption, kg/h

0.25
Control Range
pCo.., N/m2 (mm Hg) :333-373 (2.5-2.8)
CurTent, A 3 :2.6-6.6
Air Flow Rate, dm™ /s (Cfm):9.4-28.3 (20-60)
0.20
0.15

0.10

0.05 |- |
0 1 | | l 1 | [ | | |
0o 2 4 6 8 10 12 14 16 18 20 22 24
Time, h
FIGURE 33 STRADY-STATE DAILY O, CONSUMPTION PROFILE FOR CONTROL MODE B(1)
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02 Consumption, kg/h

0.25

0.20

0.15

0.10

0.05

Control Range

pCO., N/m* (mm Hg) :133-373 (1.0-2.8)
Curfent, A ! :2.6-6.6
Air Flow Rate, dm>/s (Cfm):9.4-28.3 (20-60)

Average

o — — —— — — o — S e e e e

0.50

J0.40

0.30

i 40.20
N —10.10
] | 1 | [ L i l ! L ) 0
0 2 4 6 8 10 12 14 16 18 20 22 24
Time, h '

FIGURE 34 STEADY-STATE DAILY 02 CONSUMPTION PROFILE FOR CONTROL MODE B(2)

0., Consumption, Lb/Hr
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02 Consumption, kg/h

—
—

.25

.20

i

<10

.05

)

Control Range
pCO,,, N/m2 (mm Hg) :133-1333 {1-10) =
Curfent, A 3 :2.6-6.6
Air Flow Rate, dm'/s (Cfm) :9.4-28.3 (20-60)
-a;:;::_:;fﬁﬁi?%ge_— _ __d:;;:;;:.;___mu—e=wnn._._-df::f:_- ______ . |
-
| ] | 1 L ] il ] f ] 1
0 2 4 6 8 10 12 14 16 18 20 22 24
Time, h

0.

0.

FIGURE 35 STEADY-STATE DAILY O2 CONSUMPTION PROFILE FOR CONTROIL MODE B(3)
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02 Consumption, kg/h

0.25

0.20F

0.15F

Control Range

pCO.,, N/m2 (mm Hg)
Curfent, A 2 :2.6-6.6
AiT Flow Rate, dm”/s (Cfm):9.4-28.3 (20-60)

:333-1333 (2.5-10.0)4

O,lﬂw_‘._—_—y,—__—?—_ﬂ{: ________ )
0.05§~

0 { L 1 i 1 L | L | i i

0 2 4 6 8 10 12 14 16 18 20 22 24

FIGURE 36 STEADY-STATE DAILY 02 CONSUMPTION PROFILE FOR

Time, h

0.50

0.40

0.30

0.20

0.10

CONTROL MODE B(4)

02 Consumption, Lb/Hr
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TABLE 1 MAIN PROGRAM FLOW CHART t?
_
Program Line W
Symbol Numbers Description Comments 35
N
4 ) START >
R . E?
190 CPA = 1.0765 Initialize Constant Btu/Hr/Scfm-F =
SR
190 CPH = 1.0666 Initialize Constant Btu/Hr/Scfm-F
N S
L J 200 Ul = 51.7 Initialize Constant mm Hg/Psi
g e
1
D ; 200 U2 = 386.7 Initialize Constant Scfm/Lb-Mol/Hr
S R
( i 200 U3 = 3.415 Initialize Constant Btu/Hr/Watt
5 200 u4 = 28.32 | Initialize Constant 1/Ft’
- 210 C782 = 2.25 x 107 7
} i 210 €562 = 1,303 x 10'5 Initialize Constants For Pressure Drop
) ' 2 Equations
! 210 €561 = 1.01 x 10
] 210 6132 = 8.611 x 107*
] 220 5132 = C562 + C6132
I
LT 230 5131 = €561
| 240 QA = C5132 - (782 ]
1___1—_' ey s . -
250 I0UT = 1 Initialize output file device code
J / 260 PRINT, "FILE INPUT (T OR F)
270 READ, QFIN
J 280 INP = 50
-continued-




Table 1

- continued

Program Line
Numbers

290
300
310
320

330

360

370

380-390
400

410-430

450-470

510-750
790
800

810-990

DescriEtion
IF (QFIN) INP=2

IF (QFIN) OPEN INPUT FILE
PRINT, "FILE OUTPUT (T OR F)"
READ, QFOUT

IF (NOT QFOUT) IOUT = 66

IF (NOT QFOUT) BRANCH

IF (NOT QFIN) PRINT, "FILE
FOR OUTPUT"

READ (INP, 48) FNAME

IF (FNAME = “WAIT") BRANCH
END, CLOSE AND REWIND FILE
READ: POPSA, PCO, POOPSA,
P8PSA, T7, V7, DW7, P4PSA,
T9, V9SL, DW9, N, I, DELTI,
V1, PWPEN, HTPEN, H20PEN,
OXPEN, NFLAG

WRITE INPUT VARIABLES

IR=0

CALL T ("POPSA,'" POPSA, 13.7,
15.7, IR)

Comments

Open input file if desired

Should output be written into a file?
If not, correct the output device code
for direct terminal output.

If file output was used, read in the file
name. If the file is completed, close it
and assign the name to it.

Read in and write out input variables

Initialize out of range input variable counter

Subroutine T checks each input variable
against its allowable range. Out of range
variables are printed and cause IR to be in-

cremented.

DHp SHWANSAS 1Y



Table 1 - continued

Program Line

Szmbol Numbers
1 | 1000
]
—<> 1010
|
S
L_q J 1050
3 /1> 1060
Zf‘“"‘"‘j? 1070-1080
) T
ey,

v-v

————<§/> 1140
|
1150
_ _
Zf;____d; 1160-1180
f_*—_q 1220
| 1230
S—
1240
1
1250
——
1290

VSMIN = 'QB * QBZ + 4(QA) (QC)

DescriEtion

CALL T ("NFLAG,", FLAG, 0, 1,
IR)

IF (IR >0) BRANCH

VOMSL = (1.3)(N)(I)(7.058 x
107

IF VOMSL < VS8SIL THEN BRANCH

WRITE "INSUFFICIENT HZ’" VOMSL,
"IS REQUIRED"

IF V1 £ 70 THEN BRANCH

Vi =70

WRITE "AIRFLOW CHANGE TO 70
SCFMM

VML = V7 - V1

1}

QB = C5131 + 2(V7M1)2

QC = €782 (v7M1)?

Comments

2(QA) —
DW1 = DW7Y

If the counter shows that one or more input
variables is out-of-range, abort the
simulation and read in next set of data.

Cale. required H2 flow

Check for sufficient H. Flow

2

Write error message and required
H, flow
Réturn for new inputs

Check that V1 is less than the
process air blower capacity

Set V1 to maximum blower capacity

Print error message

Calculate bypass cooling air flow
with cooling blowers off; i.e.,
calculate minimum cooling air flow rate

) SHIISAS Y



Table 1 - continued

Program Line

Symbol Numbers

L UL E

o
«— H F
: ~

1300
1310

1320

1330

1340

1350

1360

1370

1380

1390

1400

1440

1499

1500

1510

DescriEtion
T2 = DW1 + DELTI

T2INP = T2
E =0.729 - 0.22 Inl +
0.0081 + 0.005 (T2-78)

HEATLD = (1.25-E)(N) (1) (U3)

T1 = T7

T3 = T9

V3 = VISL/U4

S = T1

DHA = V1 (CPA)(T2 - T1)

DHH

1]

V3 (CPH) (T2-T3)

DHC = HEATLD-DHA-DHC

If DHC > 0 THEN BRANCH

V5 = VSMIN

V5A = (N) (VSMIN)/96

. CALL TDRIFT

Comments

Calculate cell temperature
Store input T2

Calculate cell voltage

Calculate modules' heatload

Calculate heat removed by
cathode air flow

Calculate heat removed by Hz

Calculate heat removed by
cooling air

Check to see if cooling air
is required

Set cooling air flow to minimum
Calculate flow thru active cells

Calculate T2 for subcooled
condition

f SHANSAS 1Y



Table 1 - continued

Program Line
Numbers

‘ Tl 1520

S 1530-1560
v
(&)
Vo 1630
i~ ‘ <
R
1680
; 1690
R v
o b 1700
e
L_ ; 1710
s
’ /! 1720-1740
&,
N
L
| 1800
T
B 1810
s —

1 1820

1830

N 1880

DescriEtion

DROP = TZ2INP-T2

WRITE ''VS5MIN,' VSMIN "COOLING
BLOWERS OFF,' "MODULE TEMPER-

ATURE FALLS,'' DROP, "NEW T2,"
T2

IF T2-T5 > £9;§%§l§59 THEN
BRANCH

Vs = 440

V5A = V5(N}/96

Call TDRIFT

RISE = T2-T2INP

WRITE "COOLING BLOWERS ON

FULL,' "MODULE TEMPERATURE
RISES,” RISE, "NEW T2," T2

VA.= 1.01 x DHC/CPA (N)(T2-T5)
VB = 2(VA)

V5A = (N) + ROOT (VA, VB, ERT,
¢, 0.005, 0.001, 20)

V5 = 96(V5A)/N

If V5 < VSMIN THEN BRANCH

Comments

Calculate temperature, T2, drop

Print out new conditions

Check if there is sufficient AT
to conduct heat up fins

Set V5 to maximum blower capacity
Calculate flow thru active cells
Calculate T2

Call rise in module temperature

Print out new conditions

Calculate minimum and maximum cooling
air flow to set range for iterative
subroutine 'ROOT"

Calculate cooling air flow past active cell

Calculate total cooling air flow

Check for subcooling

H[ SHIISAS 21y



Table 1 - continued

Program Line
Sxmbol Numbers

©—1

=

o

L-y

] LIL fﬁw

1890

1900-1920

1970
2020

2030-2060

2120
2130
2140
2150
2150

2150

2170
2180
2190

2200

DescriEtion
If V5 > 440 THEN BRANCH

WRITE '"COOLING BLOWERS IN
RANGE"

V10 = V7-V1-V5

IF V10 2 0,005 (V8) THEN BRANCH

WRITE "INSUFFICIENT AIR FLOW,
RECIRCULATION OF AIR FROM
QUTLET TO INLET"

(14.1 )0.8 —
F4PSA

P4 = P4PSA (V1)

COR34 =

V35L = VISL

DP34 = (0.3822) (COR34) (V3SL)

IF V3SL £22 THEN BRANCH

DP 34 = COR34 (8.3183 +..

0.4187 (V35L-21.5801)""'7)

P3 = P4 + DP34

P3PSA = P3/U1

(14.1)0.8
COR93 =Gy

DP93 = (COR93) (10.64) (V3SL)

Comments
Check for heatup

Print clarifying statement

Calculate plenum bypass flow

Check for sufficient plenum bypass

Print error message

Calcﬁlate module H2

Calculate module H2

Calculate H, distribution block pres-

sure drop

cavity pressure drop

inlet pressure

DU SWIISAS 1Y
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Table 1

- continued

Program Line
Numbers

2210

2210

2220
2230
2240
2250
2260
2270

2280

2290
2300

2310

2320
2330

2340

2350

Descrigtion
IF V3SL < 6.2 THEN BRANCH

DP93 = COR93 [35,64 V3SL

195.25 + e
P9 = P3 + DP93
POPSA = PY/U1L

-5 2
pP78 = 2.25 x 10 “(V10)

P§

P8PSA(U1)

P7 = P8 + DP78

P7PSA = P7/U1

DP12 = 0.001903(V1)% +
0.04877 (V1)

P1 = P7

P1-DP12

P7PSA
POPSA

P2

PC1 = PCO

CURDEN = 1/0.244

DELTIE = T2-DW1

TI = TICOR (PCl, V1/96,

CURDEN, DELTIE)

OCON = 6.5803 x 1074 (M) ()

(7. 5-0.6537V35£)]

Comments

Calculate H, inlet pressure

2

Calculate process air inlet pressure
using plenum pressure drop correlation

Calculate cathode air pressure drop

»

Calculate cathode air out pressure

Calculate cathode inlet pCO2
Calculate current density
Calculate actual humidity AT

Calculate TI

consumed

Calculate 02

U SHIPSRS A1y
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Table 1 - continued

Program Line
Symbol Numbers

| | 2360
2370
| 2380

2390

L
[ifiii 2400

2410

2420

2430

6-V

2450
2460

2470

2480

2490

2500

2510

2520

2530

2540

DescriEtion
CTRANS = TI (QCON)

HCON = ocoN 2:018
16
WPROD = HCON + OCON
= —
VC4 = CTRANS 77 51°% 60
PW9 = PHTO (DW9)
. PW9
PW3 = P3 ‘&=
R PW3
VH3 = V3{1 - %)
= - —2
VH4 = VH3-HCON »—sid—py)
PW4 = PHTO (T2-6)
_ PW4
VWd = Pa-tWad (VC4 + VH4)
DW1 = DW7
PWl = PHTO (DW1)
PW1
VWl = V1 1
VW3 = V3-VH3
_ y2
* VWPROD = WPROD qp—ov-s—m

VW2 = VW1 + VW3 - VW4
. POO = POOPSA/U1
' po7 = POO (P7/PO)

Comments
Calculate 002 transferred
Calculate H2 consumed

Calculate water produced

Calculate anode gas stream parameters

Calculate cathode air water balance
parameters

D[ ‘SHINSES 1Y



Table 1 - continued

Program Line

Symbol Numbers
“1 2550
] 2560
S
2570
2580
B —
B 2590
. 2600
2610
B> ———
! .
g L____J 2620
T 2630
? | 2640
] 2650
m ' 2720
[ I
1Al T —
2y / 2850-2860
i D
(i
—_ 2730
B—

Description
P01 = PO7

PN1 = P1-PO1-PW1-PCl
VN1 = V1 (PN1/P1)

VOl = V1 (PO1/P1)

Vel = V1 (PC1/P1)

VN2 = VN1

V02 = V01 - OCON (U2/32 x 60)

V€2 = VC1 - VC4

V2 = VO2 + VN2 + VW2 + V(2
VW2

PW2 = 7l P2

DW2 = DEWT (PWZ2)

IF T1-DW1 = 11,25 * 1.75 AND
T2-DW2 = 11.25 % 1,75 THEN
BRANCH

IF T1-DW1 ® 4 THEN BRANCH

WRITE "INLET AIR HUMIDITY
OUT-OF-RANGE"

IF T1-DW1 < 14 THEN BRANCH

Comments

Calculate cathode air inlet stream
parameters

Calculate cathode air ocutlet stream
parameters

WL SHIISAS 21y
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Table 1 - continued

ngbol

Program Line
Numbers

2740

2880-2890

2750
2760

2770

2780-2790
2800-2820

2830
2950
2960
2970
2580

2990

3000

3010

DescriEtion
iF T2-DW2 > 7 THEN BRANCH

WRITE "OUTLET AIR HUMIDITY
QUT-~OF-RANGE"

IF T2-DW2 < 19 THEN BRANCH
DPTDAV = % (T1-DW1+T2-DW2)

IF DPTDAV = 11#1.5 AND EITHER
T2-DW2 > 13 OR DPTDAV > 0 THEN
BRANCH

WRITE "AVE DEW PT DEPRESSION OUT-
OF -RANGE

WRITE "“ELECTROLYTE MOISTURE
BALANCE NOT MAINTAINED"

IF NFLAG = 1 THEN BRANCH
DELT1P = 22-T1 + DW2

T2P = DP1 + DELTI1P

PW7 = PW1

PN7 = PN1

PC7 = PC1
_pC7

VC7 = 55 v7
_ PW?

VW7 = 7 (v7)

Comments

Perform moisture balance checks

Check NFLAG for program abort

Calculate preferred AT

Complete definition of process air inlet
stream

24 SHIISAS A1y
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Table 1 - continued

Program Line

Symbol Numbers

f 3020

el

i : 3030

i S

] 3040

. 3050

A

j | 3060
i

| 3070

L 3080

o 3090

B B 3100

i 3110

L

\ 3120

==

; 3130

il

| 3140

L

3 ~j1 3150

3160

I

I 3170
o 3180

TE = TI/0.0275 _
PC2 = VC2 (%%)
FC2 = FC1 - CTRANS

18.01 x 60
FW2 = VW2 (—--m——)

. ' PW2
RH2 = 100 KﬁﬁTﬁTTET)

DescriEtion

PO7 = PO1
PO7
V07 = 5= (V7)
PN7
VN7 = S5 (V7)
- 100{DWT )
RH7 = 1°°(PHT0(T71}
44.01 x 60 —
FC1 = VCI ——ﬁ-z-—-—>
) 18.01 x 60
FW1 = vw1( 5 ) B

RH1 = RH7

PH3 = P3 - PW3

2.016 x 60
FH3 = VH3 (_uf""'_)

EMOD = 16 (E)

POWER = (N) (I) (E)

T4 = T2

Comments

Complete cathode air inlet stream
definition

Complete cathode air inlet def.

Complete definition of H2 inlet

Calculate remaining module parameters

Complete definition of cathode air outlet

TH SHIISHS 21y
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Table 1 - continued

Program Line

Symbol Numbers
3190
i 3200
| 3220
:::j:::i 3230
3240
o 3250
L_j__J 3260
3270

3280

3290

3300

3310

3320

3330

3350

3360

. T6 =

DescriEtion Comments
V9 = V3

0.77 <2ﬂl_%_2ﬂ§)+ 0.23T2 Refined H2 dew point correlation

PHTO (DW4)

Dw4

1f

PW4

ﬁ%g%wz-(VH4 + VC4) Complete definition of anode gas outlet

V4 = VH4 + VC4 + VW4

VW4

V4SL = V4(U4)

L

VC4SL

VC4 (U4)

VH4SL

VH4 (U4)

FC4 = CTRANS Complete definition of anode gas outlet

2,016 x 60"
VH4 (;-jﬁf-—*-

VW4 (?8.01 X 60)

FH4

i

FWw4 2

F4 = FC4 + FH4 + FW4

CHWRTO = FC4/FH4

HCVRTO

VHR/VC4
P5 = P7

DPS56 = (V5)° C562 + V5(C561) Calculate cooling air pressure drop

fl

P6 = P5-DP56 " Calculate cooling air outlet pressure

(VSAYT6A + (V5-V5A)TS

3 Calculate cooling air out temperature

U SHINSAS iy



Table 1 - continued

Symbol

Program Line
Numbers

3370

3380

3390

3400

3410
3420

3430-3450

3460
3470
3480
3490
3500
3510
3530
3540

3550

Description
IF VI < 62 THEN PWRCTR = 2.8V + |
153.8

IF 62 < V1 < 65 THEN PWRCTB
40V1 - 2150

IF 65 < V1 < 70 THEN PWRCTB
-34V+ + 2660

T11 = T2 . PWRCTB(U3)

Vvl + CPA

Vil = v2
P11 = P8

IF V5-VSMIN < 0,001 (VSMIN) THEN
PWRCLB = 0, DP1213=(C12132(V5)
AND BRANCH

DP1213 = C12132 (VSMIN)Z

(?E%%g + 0.05)11.3

r(0-128 + 0.102¢

TR =
DP78 )
TR = 1.869

PWH = 410 - 0.00396 (V5-368)>

"

PWL = 410 - 0.00178 (V5 - 306)2

"

PWRCLB = TR (PWH) + (1-TR) (PHL) |

P12 = P8 + DP1213

) PWRCTB (U3)
*12 = T6 + —=orRy
T13 = Ti2

Comments

Calculate cathode air blower power

Define stream after cathode blower

Check if cooling blower is off

Calculate cooling blower power

Define cooling blower exit stream

UL SHIISAS iy




Table 1 - continued

Program Line
Numbers

S1-v

— 1 o-0R0000000000

3560

3570

3580

3590

3600

3610

3620

3630

3640

3650

3660

3670

3680

3690

3700

Description

ViZz = V5
P13 = PB
V13 = V5

]
V8 = VIO + V2 + V5 ]
VW8 = VW7 + VW2 - VW1

VC8 = VC7 - VC4

[ves
PC8 -( VB)pS

VNS = VN7
(8
PN8 -( vs) P8
V08 = VO7 - %(VH3 - VH)
VNS
PWS-—Ciﬁj P8

DW8 = DEWT (PW8)

_ TLL(VI1) + T13(V13) |
- V8

T7(v10) + POWER ¥5
V8

_ 100 x PW8
RHE = 5wT0 (T8)

_ VI(T7 + 460) (760)

P7 530

T8

AV7

Comments

Calculate plenum exit conditions

P Smshs iy
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Table 1 - continued

Program Line

Symbol Numbers
| 3710
S
1
] | 3720
o 3730
] 3740
E | 3750
—=
] 3760
¥ 3770
[ 3780
| 3790
..._....L.._.T
g 3800
S

[;;;;;; 3810
| ' 3820
=
| 3840
E 3880

3890

3900

H_J__w
f::Izzﬂ 3910

DescriEtion

AV = V1 (AV7/VT)
AV2 = VZCT§2+ 460) + 1.434
AVI1 = Vll(g}; * 460) (5 434) ]
ave = YOO+ 460) (1 4y
V3 = vsgrspg 460) (1 434
ave = VTS 460) ) 4oy

3
AVS = V5 AV7/VT
ave = YoLTE 2+ 360) (4 434)

3
V6A = V5A
AV6A = veggggA * 460) (1.434)
AV12 = v12(T1§1; 460) _ (1.434)
AV13 = v13(§i§ ¥ 460 (1.434)
AVI0EX = YIOCT * 460) (4 4z
ave « VSIS £ 460) () oy

HRDWGT = 817.9

PWRPC = 136
PWREC = 45
PWRDAU = 100 T

Comments

Calculate actual stream flow rates

Calculate actual stream flow rates

Calculate equivalent weight penalty

THL SHMISAS 21y
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Table 1

Symbol

f_J—_—
]
&

- continued

Program Line
Numbers

3920
3930

3940
3950
3960
3970

3980

3990-4710

DascriEtion

PWRTOT = PWRPC + PWREC +
PWRCLE + PWRCTB + PWRDAU

HTTOT = HEATLD + U3 (PWRTOT +
POWER)

PWRWGT = PWPEN (PWRTOT)
HTWGT = HTPEN (HTTOT)
H2OWGT = H20PEN (WPROD)
OXWGT = OXPEN (OCON)

EQWGT = PWRWGT + HIWGT + HZOWGT

+ OXWGT + HRDWGT

WRITE OUT ALL OUTPUTS

END OF PROGRAM

Comments

Calculate equivalent weight penalty

DU ‘SMISRS 21y



Program Line
Numbers

4750

4760-4770
4780

4790

4800

4810

TABLE 2 WATER VAPOR PRESSURE FUNCTION

Descrigtion

FUNCTION PHTGQ(TF)

TC=(TF-32) 1.8

X = 374,11 - TC

PHTO=10

RETURN

(EE

X

A+BX+CXS

TC+F

1+DX

Comments

The input parameter is the Fahrenheit
dew point temperature. The output para-
meter is pHZO, in millimeters of mercury.
Initialize constants A-G.

Calculate Centigrade dew point temperature.

Calculate the temperature span from the dew
point to the critical temperature.

Calculate water vapor pressure

SHf SWIHSAS 3y
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Program Line

Symbol Numbers

t ;__;) 4840
] 4850
R 4860
4870

4880

_ 4390

( ) 7700

TABLE 3 DEW POINT TEMPERATURE FUNCTION

Descrigtion
FUNCTION DEWT(P)

EXTERNAL RCOT, PHTO

X=ALOG (P}

TA=-2.4 + 20.25X + 1.522%°

TB=TA + 0.1 ]

DEWT=ROOT (TA, TB,PHTO,P, 0.005,
0.005, 5)

RETURN

Comments

The input parameter P is the water vapor
pressure in millimeters of mercury. The
output parameter DEWT is the Fahrenheit
dew point temperature

Functions ROOT and PHTO are used by
function DEWT

Calculate two trial values for the dew
peint temperature

Function ROOT will call function PHTO start-
ing with dew points equal to TA and TB until
the water vapor pressure is equal to P with

temperature and vapor pressure tolerances of
point .005 but not exceeding five trials.

DU SWIISAS A1y



TABLE 4 TRANSFER INDEX FUNCTION

Program Line

Symbol Numbers Description Comments
Qﬁ N 4930 FUNCTION TICOR(PC,AF,CD,DEL} Input parameters are CO., partial pressure

—— - in millimeters of mercufy, cathode air, flow

in Cfm/cell, current density in Amp/Ft",
and module temperature - inlet cathode
air dew point temperature. The output
parameter is TICOR in Lb C02/Lb 02.

M Sushs 2y

o 4940-5010 ' Initialize the correlation parameters in
| array S.
o AR, (1+.84p) " 84P
L 5020 PA=FC (—EEJ ' PA is the effective inlet pCO2 corrected for
) ) nonbaseline cathode air flow.
- D
i 5030 J=g— - 1 : Calculate the J index which corresponds to
T current density.
r__m- % 5040 IF{J < 1)J=1 For current densities less than 10 ASF, extra-
i polate from 15 and 10 ASF,
—_ 5 .
f ‘ 5050 TIil= I Si.PA1 Calculate TI at the current density just below
o i=1 Y the actual current density.
R 5060 If (J < 7) BRANCH "]  Current density should not exceed 40 ASF,
[ o 5070 TICOR = TI1 ]
e ' .
f——L——: | 5090 J=J+1 Calculate TI at the current density just above
[ the actual current density,
I 5 .
[ 5100 TI2Z = © S,.PA
. i=1 1 ]
i_ | Jg 5110 AlT=J T Interpolate between the two current densities.
;' -continued-
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Table 4 - continued

Symbol

Program Line
Numbers

5120
5130
5140

5050

Descrigtion Comments
TERP = 9-?- - AII

TICOR=TI2XTERP+TI1(1-TERP)

TICOR=TICOR(1+.03536(DEL-18.33)) Correct T1 for moisture conditions.

RETURN

UL ‘SWIISAS 1Y



Program Line
Numbers

5180

5190-5200

5210

5220

5230

5240

5250

5260

5270

5280-5290

5300-5320

5330

TABLE 5 ROOT FUNCTION

DescriEtion Comments

FUNCTION ROOT(X1,XZ,YFCN,W,XTOL, Input parameters are the first and second

YTOL, K) trial root values, the function to be
called which returns the function of X, the
value of the function at the desired root,

X tolerance, Y tolerance, and maximum trials.

The output value, ROOT, is the value of X
when the function equals W,

Initialize common and external statements.
Xa=X1 Isolate X1 and X2.
XB=X2 -

FA=YCFN(XA) - W Find the error values at XA and XB.

FB=YCFN(XB)-W

BEGIN LOOP
XN=FEEE§EjﬂiﬁE& Extrapolate from the previous two
FA-FB .
trial values.
EN=YFCN(XN}-W Calculate the error at the next X value.
TF(!FN} < YTOL and{KN—Xﬂ < XTOL) BRANCH when the X and Y values are within
BRANCH tolerance.

IF(Xth TIME THRU LOOP) DUMP
VARTABLES & PRINT MESSAGE
"NONCONVERGENCE IN LOOP™

print a message.

XA=XB bBrop the oldest trial value and add the new
trial value.

-continued-

If the root has not been found within K trials,
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Table 5 - continued

Szmbol

]

4
]
w

Program Line
Numbers

5340
5350
5360
5370

5380

5390

Description
XB=XN

FA=FB

FB=FN N
IF(<Kth TIME THRU LOOP)BRANCH

ROOT = XN

RETURN

Comments

The root of the function returned is the
latest trial value.

UL SWISAS 21y



Program Line

Sngol Numbers

! #; 5420
N 5430-5460
| 5470
T 5480

] :%;] 5490

U;;:iﬂ 5510

e
s
t

(.l 5520

C ) 5530

TABLE 6  MODULE TEMPERATURE SUBROUTINE

Description

SUBROUTINE TDRIFT

ENTHPR=VI.CPA-T1+V3-CPH-T3

ENTHPR+ .99 -HEATLD

T2HI =7 pav3 oo

EHTHPR+V5A - CPA T 5+HEATLD

T2L0OW=

T2=T2HIGH

DUMMY=ERT (V5 A/N)

T2=ROOT (T2HIGH, T2LOW, ERT1,0,
0.005, 0.005, 0.20)

RETURN

V1.CPA+V3-CPA+V5A.CPA

]

Comments

Subroutine TDRIFT calculates the module
temperature when the cooling air flow rate
is specified. All inputs are through com-
mon storage. All outputs except P2 are
alsc through common storage.

Initialize type, common, and external state-
ments.

Calculate enthalpy entering the modules in
the cathode air and inlet hydrogen streams.

Calculate maximum possible module temperature.
This is the temperature the module would
rise to with no cooling air.

Calculate the minimum module temperature which
would occur with no heat transfer resistance.

Call subroutine ERT to determine values of
the heat transfer coefficient and the cooling
fin efficiency, neither of which depends upon
module temperature but only upon cooling air
flow rate which is constant when subroutine
TDRIFT is called,

Start with trial values T2HIGH and T2LOW and
use function ERT1 to find the module temper-
ature which yields a heat balance for the
specified cooling air flow rate.

HHp SsAS ;fﬁj
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Symbol

N

TABLE 7.

Program Line
Numbers

3560

5570-5590

5600

5610
5620

5630

5640

5650

5660

. 5670

HEAT BALANCE FUNCTION WITH VARIABLE MODULE TEMPERATURE

Descrigtion

FUNCTION ERT1(T)

E = 0.729 -~ 0.221nI + 0.0081 +
0.005 (T-78)

HEATLD=N+I-(1.25-E)-3.419

DHA=V1 (CPA) (T-T1) -

DHH=V3 (CPH) (T-T3)

DHC=HEATLD-DHA-DHH _
TEA=TS + DHC

VSA(CPA)

HC - ETA
TR

DTREQ=DHC (0.376 + 3.876

IF(T6A < T)BRANCH

Comments

The input parameter is the module tempera-
ture. The output parameter, ERT1, is the
difference between the available module
cooling air temperature drop and the re-
quired module cooling air temperature drop.

Initialize type, common statements.

Calculate module voltage and heat load at the
given temperature.

Calculate the enthalphy change for the
cathode air process hydrogen and cooling
air flow, respectively, at the given module
temperature.

Calculate the outlet cooling air temperature
from the inlet cooling air temperature and
the enthalpy increase.

The required module cooling air temperature
difference depends upon the cooling air en-
thalpy change X the resistance in the fin
roots + the gas film resistance.

If the cooling air temperature at the exit is
less than the module temperature, then the
log mean temperature difference can be cal-
culated.

~continued

TH[ ‘SWIISAS 21y



-~

9Z-vy

Table 7 -~ continued

Program Line

Sxmbol Numbers
‘ 5680
;
) 5690
5700
|
P 5710
5720

Descrigtion
ERT1 = -DTREQ

RETURN

T6A-T5

DTAVA = —ToTs
T-TGA

ERT1 = DTAVA-DTREQ

RETURN

Comments

If it is not, then assume that the available
temperature difference is zero and the error
is equal to the required temperature dif-
ference.

The available temperature drop is the log
mean of the module coecling air temperature
difference at the inlet and the outlet of
the cooling air passages.

U SHIISAS 21y
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TABLE 8  HEAT BALANCE FUNCTION WITH VARIABLE COOLING AIR FLOW RATE

‘Program Line

Symbol Numbers
) 5750
] 5760-5780
F'__:_ !
! 5790
R 5800
—
.
| i 5810
| B 5820
N
] | 5830
| 5840
i 5850
5860

al

DescriBtion

FUNCTION ERT(V)

IF (V < 1)HC=1.97v0-3333

IF (1 <« V < 2.ZQ883)HC=1.21 +

0.34V + 0.42V

If (2.98835 V < 4)}HC=2V
IF (4 < V)HC=2.639016V" "
ETA=1

IF (0.32194 < ¥ 6 E4.72]ETA=
1.0644 - D.1135v7

IF (24.72 < V)ETA=2.486v™ 0.5
DHC

TOA=TS + GrePATN

Comments

The input parameter is the cooling air flow
rate, Cfm/cell. The output parameter ERT

is the difference between the available and
required module-cooling air temperature dif-
ferences. Inputs taken from common storage
include the inlet cooling air and cathode

air temperature, the cooling air heat load,
the cooling air specific heat, the number of
active cells, and the module temperature.
Qutputs through common storage include the
heat transfer coefficient, the fin efficiency,
the outlet cooling air temperature, the
available temperature difference, and the re-
quired temperature difference.

Calculate the heat transfer coefficient.

Calculate the fin efficiency.

-continued-
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Table 8 - continued

Symbol

T

Py

N

I

!
!

5
|

Program Line
Numbers

5870

5880

5890

5900

5910

5920

5930

DescriBtion

DTREQ=2%Q (0.376 + 52876

IF (T6A < T2) BRANCH

ERT = -DTREQ
RETURN
_ T6A-TS
DTAVA = T
TZ-T6A

ERT=DTAVA-DTREQ

RETURN

Comments

Calculate the required temperature dif-
ference from the cooling air heat load,
resistance in the fins, and resistance in
the stagnant air film.

Branch and calculate the log mean temperature
difference only if the outlet cooling air
temperature is less than the module temperature

There is no available temperature difference.
The error ERT is minus the required temper-
ature difference,.

Log mean module cooling air temperature dif-
ference.

U SHINSAS 21y
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Program Line
Numbers

5960

5970

5980

5580
5990
6000

6010

TABLE 9 RANGE TEST SUBROUTINE

DescriEtion

SUBROUTINE T (VARNAM, VAR, BOT,
TOP, I)

COMMON IOUT

IF (BOT < VAR < TOP) BRANCH

RETURN
WRITE, VARNAM, VAR, BOT, TOP
1=I+1

RETURN

Comments

Subroutine input parameters are the vari-
able, value, the lower and upper limits,
and the out-of-range counter. The sub-
routine simply prints a message containing
the first four parameters when the variable
is out-of-range.

The message is printed on output device IOUT.

The subroutine ends immediately if the
variable is in range.
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TABLE 10 BASE PROGRAM LISTING

BASE

1006 . .
1100 #%% CS-6 MATH MODEL BASE PROGRAM ###
120¢
1308T7Y 484
1408 KDY
150 EEALN.I
160 COMMON TQUT,CPAyCPH»DHCs DHA » DHH, dEALLD:DfRLu-DLAVA NeTsBe
120%H s ETAs V19 ¥3sV5A+T6A s 159 T30 T19 12
180 EXTERNAL ERT»ERT1,PHTO
100 DATA CPA»CDH/1.07651+0666/
2008,y Ul sU2sUB+U4/5]1 47007 138647 93.419:+28.32/
2108y (782 90562 90561 9012132 /24 25E~5 1o 503E-5s -010158.6118E~4/
220 (5132=C562+C12132
230 05131=0561
240 GA=(5132-0782
260 Igiv=1
260 PRINT+"FILE INPUT (T OR FI*,
270 HEATs 2FIN .
200 TNP=50
200 TF{ PPINIINP=2
%00 TF{ZFIN)CALL OPENF(2s"MATHIN®)
510 PHINT+"FILE OUSFUT (T Ok FI%, 1% :
320 4EADs 7FOUL &
330 1F( N 0%~ ?FOUT ) 1 0UT=66 $ oc§?

340 GOL06 : cQﬂ
350 1 CONTINDE : 4§$‘

AGO 1Rt «NOT e ?FOUT )G OT OB o <§§y,
370 IF{NOT.?FIN)PRINT,"FILE FOR 0U1Pdf“.t* &
330 READ(INPs46)FNAME : (§D
390 43 FORMATLAG) !%ib,*
400 IF{ FNAME.EQ.*4AIT")COT06 . Qs
410 END FILE 1 ¢
420 CALL CLOSEF(1+FNAMEs?} ‘ '
430 HESIND 1

' 440 6 CONVINUE
450 TF{+HOT«?FIN)PRINT»"INPUT DATA™,t#
460 AEAD(INP, )POPSA»PCOsPOOPSA » PAPSAST7 4 Y79 D79 PAPSA+TOs VOSL s DOy
4708Ny Ie DEL1» V1o PUPENsBTPEN H20PEN » OXPEN s NFLAG
4700
490C  INPUT DATA PLAYBACK:
5000 :
510 dRITECIOUTS4)
520 WHITECIOUT3R30)
530 4 FORMATL £///7) ‘
540 - BUFQR[JAT( s -IH'-%.’-**-?H&***INPUT }'}ATA#%H#%**#*#%")
550 GRITECTOUT;1017)
560 1017 FORMAT(™ CABIN ATMOSPHERE'“}
570 WRITE(IQUT;944 ) "POPSA”, POPSAs“PCO™s PCOs"POOPSA™» POOPSA
580 WRITE{IOUT31032)
590 1032FORMAT(™ PROCESS AIR OUTLET/INLET:™}

continued-
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. 830 FLAG=NFLAG

Table 10 - continued

600 WHITE(IOUT; O44)"PRESA™+PAPSA“T7 =+ T7»"¥7 "+ V7:"D¥7",Du?
610 WHITE(TOUT:1031) ' '

620 1031FORMAT(™ HZ2 OUTLET/INLET:™)

630 WRITE{ I0UT; 944 1"PAPSA™,P4PSA,*TO ".Tg,-VQSL-.vgbL."Dwg".an
£40 WRITE( IOUT31020)

550 1020F0RMAT{ ™ MODULES:™)

660 WHITECIOUT;944)"N *“4No™I *“,I,"DELT1*+DELT1."V1 *,V1

670 WHITE(IOUT:1021} ' :

6830 1021FORMAT(* PENALTY WEIGHT FACTORS:"™)

690 WRITE(TOUT39441"PWPEN™»PWPEN,“HTPEK"+ HTPEN» "H20PEN" s H2OPEN
700&" OXPEN™, OXPEN

710 WRITE( I10UT31022)

720 1022FORMATI* PROGRAM CONTROL:*)

7?30 WRITE{IOUT; 044 }“NFLAG" s NFLAG

740 WRITE(IOUT;220) .

750 220 FOHMAT{ " *#**%#**##ﬁRESULTsﬁ*#ﬂ**##*#{ﬁ%“ ,

S 760C

7700 CRECK INPUTS:
7800

790 Ihk=0

800 CALLT(™POPSA ™yFOPSA»1347s15:75 11

810 GALLE(™PCO  “4PCOse5r10esIR)

820 GALLT(“PODPSA™yPOOPSA»2esdesIR)

830 CALLL("PSPSA "+PBPSA»13+7515.74 IR}

940 CALLT(*=17 Yy T7 y44e9B0. 0 TR)

850 CATLTI™V? " ¥7+045600.3IRY

860 CALLI("DW7? - “sDW7+414+704+1R)

A70 CALLT("P4PSA "sP4PSA»14.8+21.25IR)

880 CALLT{"TD ®sT9365.97HesIR)

890 CALLTU®VISL *sVOSLs0es1B8.+1R)

900 CALLT(“DWS  “+DWOs10.+75.41R)

910 CALLT(™N “s+Hs90.936¢Ii)

920 CALLT(*I *1192.44+9.76+ IR

930 CALLT("DELY1 "sDELT1+10.+254sIK} -

940 CALLE(™VI  *sV¥1510.2,76.8,1R) : | «@Sé'

950 CALLT("PWPEN "s+PWPEN+D.»2.+IR) - ' 6&

960 CALLT("HTPEN "sHTPEN:Os+sResIR). - _ <§g

970 CALLT{*"H2OPEN™,H20PENs0»950045I4) | <5

980 CALLT(*OXPEN *4OKPEN»0++3000++1) - R
' o

1000 CALLT(“NFLAG “s»FLAGsCOoslesIR} - S <g§g3~
1010 TF(IR-GT-0 160701 . o R '
1020C

1030C - CHECK FOR SUFFICIENT H2:

1040C : :

1050 VOMSL=1.3#E¥*1#7 H08E-3 -

1060 IF(VOSL.GE.VOMSLIGOT01213

1070 WHILE(IOUT;213)VOMSL :

1080 213 FORMAT(™ INSUFFICIENT H2."+G10.4," SLPM IS REQUIRED")
1090 GOTOL

A-31 continued-
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Table 10 - continued

1100 1213 CONTINUE
1110C ,

1120C  CHECK CATHODE AIR CAPACITY:

1130¢ :

1140 IF(V1.LE-70)30T08001

1150 V1=70.

1160 wRITE(IOUT 39000}

1170 90OQFORMAT(™ V1 HAS BEEN CHANGED TO 70 SCFMs BLOWER CABACTiY.")
1180 9001 CONTINUE

1190¢

1200C CALC. COOLING AIR FLOW WITH COOLING BLOWERS OFF:

1210¢

1220 y7M1=V7-V1

1230 QB=C5131+2. #07824Y7M1

1240 QC=C7R2#V?M1##2

1250 H5MIN-(-QB+SQRT€QB*QB+4o*QA*QGI)/(&-*QA)

1260C

12v0c CALG. COOLING AIR HEAT LOAD» ETC. FOR INPUOT MODULE TEMP:
12800

1290 DUl1=DW7

1300 T2=DW1+DELT1

1310 TR2INP=T2

1320 E—.?ZQ--EZ*ALOG(I}+.008*I+-005*(T2-78.)

1330 HEATLD=N#I#(1.25~F)®*(3

1340 T1=T7

1350 T3=T9

1360 ¥3=Y95L/U4

1370 T8=T1 ' '

1380 DHA=V1#CPA%({T2-T1)

1390 DHH=V3H*CPH®({ T2-T3)

1400 DHC=AEATLD-DHA-DHH

1410C

1420C CHECK NEED FOR COOLING:

1430¢

1440 IFIDHC.GT. o:comoaga

1450C

1460C  CALC. NEW MODULE TEMP IF COCLING BLOWERS ARE OFF:
1470C

1480 888 CONTINUE

1490 VB=V5MIN

1500 VSA=N#V5MIN /96.

1510 CALL TDRIFT

1520 DROP=T2INP-T2

1530 WRITE(IOUT; 944)*Y5MIN", VSMIK

1540 WRITE(IOUT: 469 )DROP,T2INP,T2

1550 469 FORMAT(* COOLING BLOWERS ARE OFF."/* MODULE TEMPERATURE FALLS",
1560£4F6+2+™F BELOW THE DESIRED™sF6.2,%F TO":F6. 2-"F.“l

1570 6 OTO766

15800 - o g .
1590C  CHECK THAT NODULE TEMP IS HIGH ENOUGH TO TRAKSFER HEAT

A-32" continued-
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Table 10 - continued

1500C AT LEAST TO COOLING FIN ROOIS:

1610C

1620 898 CONTINUE

1630 TFUI2-TS«GE.«376%DIC /NG OTQPED

16400

16508 CALC. NEw MODULE TEMP I¥ COOLING BLOWERS AKE ON FULL:
16500

1670 B36 CONTINUE

1680 ¥5=440.

1690 VoA=VD#H /96.

1700 CATT, TDRTIFT

1710 RISE=T2-T2INP

1e20 WRITE(TOUTSA7OIRILET2INE L2

1730 470 FORMATL™ COOLING ELOukkS ARE ON FULL.®/" MODUTE TEMPERATURE kIohb™s
17405162, F ABOVE (HE DESIRED™FO.Z4"F TO"aFG.2s"F.")

1750 GOT0766

17600

- 17roc CALC+ COOLTHG AIR FLOW FOR/ INPUT MODJLE LxMPEAATUHE:

1730C

1790 765 CONLINTE

1900 VA=1.01%DHC /t CPA*N®(T2-15) )

1810 VR=2.%§p

1820 VSA=NFL00L VA VBoERT» 04 s 005+« 00120)
1A%0 VB=06 3 VEA /N

1840 ¥BINP=i5

18500 ‘

18606 ARE COOLING BLOWERS OUY OF RANGE:
15700 '

1280 IF(V5.Li«VHMINIG 010888

1890 TF{V5.0T.440. )3 0L 0886

1900 WRITE(IOUT33950)

1910 3950 FORMAT(* DESIKED YODULE TEMPERATURE IS MAINTAINED wltH".
1020%" COOLING BLOWERS AY FAKYIAL CAPACITY.™)

149300 '
16400 MODULYE HEAT BALANCE IS MAINTAIWED wITH COOLIKG BLOLLLE IN RANGE:
18500 ‘

1360 766 CCHTIBUE

1970 V10=V7P=-Vi=V5 .

1980 WUTI8{ 10UL: 0441 NBTHE" » VBIND

1590C _

20000 CHRECK PLENON BYPASS FLOu:

2010C o

2020 IF(VI0JE.05%§7 )G 000244

2030 GHITE(IOUT:242)

2040 GRITELTOUT; 9441"Y10", V10

a050 2ARFORMAT(™ INSUFFICIENT INLET PROCESS AIR TO “
20GOS"PERVENT BACKHIXING THHOUGH PLEMUM BYPASS.™)

2070 GGiM

20800 : .
2090C  CALC» STHEAM PAHAMETERS REQUIRED FOR MOISTURE BALANCE CHECKS:

A-33
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Table 10 - continued

21000

2110 244 CONTINUE

2120 CORB4=(14.1/F4P548 1##.0

2140 Pa=PApSA=UL

2140 V35L=V95L

2150 DP34=.3822%C0H34%V35L

2160 TF(V3SLWGT«22. IDP34=CORB4%({8.3183+.41874#( V35L-21.5801 1#%1.75)
2170 P3=P4+DP34

2180 P3PSA=P3 /U1

2100 COR93=(14.1/P3PSA)1¥%.8

2200 DP93=COR93%10.64%V35L _
2210 IF{V3SLeGTe6e2 1 DPOZ=CORGZ*{ 350 14#V3EL =195 ¢ 25+EXP{ 74 75~ 653 7#YEEL) )
2220 PO=P3+DPO3

2230 PAPSA=PO /UL

2240 DP7R=C782%Y10%V10

2250 PB=P8PSA*1

2260 P7=PR+DP?8

2270 PPPSA=P7 /U1

2280 DP12=V1%*( .001903%V1+.04877 )

2290 P1=P7

2300 P2=P1~-DF12

2310 PC1=PCO*P7PSA /POPSA

2320 CURDEN=I/.244

2330 DELT1E=T2<Dii1

2340 1I1=PICORIPC1»V1 /96.CURDENsDELT1IE}
2350 O00N=6.5803E-4#N#1

2360 CTRANS=TI*#0CON

2370 HCON=OCON#2.016/16.

2380 {PROD=0C ON+HC ON

2390 V04=CTRANSH*U2/{44.01%60.}

2400 PWO=PHTOlDUO)

2410 PY3=P3*PiS/P9

2420 VH3=VY3%*(1.=PH3/P3)

2430 VH4=VH3=-HCON#UZ2/( 2. 016%60. )

24400 TRIAL VALUE OF H2+C02 OUTLET WATER VAPOR PRESSURE:
2450 Pi4=PHTO{ T2-6.) :

2460 Vi4=PuWa*( VC4+VH4) /{ PA~Pu4)

2470 DE1=D%7

24R0 Pul1=PHTO{Dk1)

2490 Viil=V1i*#Fy1/P1

2600 Vuld=V3-VH3

2510 ViPROD=WPROD¥*U2/( 18.01%60. )

2520 VW2=VW1+VW3-Vi4+VWPROD

2530 PO0O=PO0PSA®*01

2540 PO?=PO0*P7PSA /POPSA

2550 PO1=P OV

2560 PH1=P1-PO1-PW1-PC1

2570 VN1=V1#PN1/P1

2580 VO1=V1#P01 /P1

2590 VC1=V1#PC1/P1

A-34 continued-
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- 2600
2610
2620
2630
20640
2650
26660
26700
2HA00
2650
2700
2710
2720
2730
2740
2750
2760
2P0
2750
2790
28300
2810
ZB20
2850
2840
2850
. 2860
25740
2480
2800
2900 G
2910C
20200
2930C
2940
2950
2060
2970
2980
2990
3000
3010
2020
2030
3040
3050
3060
3070
Js080
3090

Table 10 - continued

Vh2=YN1

VO2=V0o1-0C ON®UZ2/( 32. *60 ]
VC2=VC1-VC4

V2=V 02+VH2+VW 2+V (2
Pid=ywzs#p2 /N2
PU2=DENTIPW2)

CHECK MODULE MOISTURE BALANCE:

DDPl="U1-Du1

POP2=12-Du2

TF( ARSI DDPL- 11 25)YeLE+1e75 +AND«ABS(DDP2-11+25)eLE«1475)G0T030
IF{ODPL.T. M a4 T NT0L210

T¥{BDPL. GL-14.3P0f0121D

IFIDDP2.LT.7. 30701211

TECDDPEZ.GL.1G. }301I01211

DPUDAY=.5%{ DDP1+DDP2)

IFCABSIMEIDAV=-11)4LEa145H <AHDe (DDERWGE«13+ «0OH« DPIDAVGE«10.1)1GOLI0O30

dRITE{IOULS 654)

COAFOEMATIY AVEHAGE CATHODE AIR DEWPOINT DEPRESSION OUE OF XANGE.™)
203 WRITE(IOUT543)

GRIVECIOUT:944)%T1 “s 1" DDEL* s DDP1e" 12 *»'i2,"DOHP2",DDF2 .

ODASFORMATI" ELECTROLYIE MCOISTURE BALANCE IS NOY MAINTAINED.™)

TF{HFLAG«EQ« 1150101

GOT 050

1210 WRITELIQUTI432)

ASZFO0RMALL " INLET CATHODE AIR DEUEPOINT DEPHESSTON QU OF HANGE.")

2 0L0283

1211 WRITE(TIOUTSS21)

321 FORMAT(* OUTLET CATHODE ﬁlﬁ DEWPQINL DEP”LbeON QUT OF HANGE.")
101028

COMPLELE ALL STHREAM DEFINITIONS:

30 CONTINUE
DELY1P=22.,=T14Di2
T2P=Du1+DELIIF
Bu?=Fal

BW7==PN]

PC7=FC1

VCT=PCTHVE /PT

VT =PUTEVY BT

por=P0ol

VOV=E Q77 /D7
VH7=PN7#V7 /P7
RH?7=100«*Pii’? /PHTOL 17 )
FC1=VC1%44.01%60. /U2
Fil=Vi1#18.01%60. /U2
RH1=RH?

PH3=P3-PH3

continued-
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3100
3110
3120
3130
3140
3150
3160
3170
3180
3190
3200
3210
3220
3230
3240
3250
3260
3270
3280
3290
3300
3310
3320
3330
3340
3350
3360
3370
3380
33380
3400
3410
5420
3430
3440
3450
5460
3470
3480
3490
3500

3510

3520
3530
3540
3550
3560
3570
35880
3590

Table 1( - continued

FHI=VH3I#*2.016%60. /02
EMOD=16.%E

POWER=N*I%E

TE=T1/.0275

PC2=YC2#P2 /Y2
FC2=FC1-CTHANS
FW2=Vy§2#18.01%60. /U2
HE2=100.*PW2 /PHTO( I2)

[4=12

VO=13

D 4=o"?77H( DW14+DW2) /2. + J23%T2
PW4=PHTO( DW4)

Vid=Pya*({ VH4+VC4) /( P4~Ph4d)
V4=VHA+V{C4+VV4

V4SL=V4#(4

VC4SL=VC4¥U4

VH45T=VH4#U4

FCA=CTRANS
FH4=VH4#2,016%60. /U2
Fl4=VW4*18.01%60. /02
F4=FC4+FH4+FW 4

CHWRT O=FC4 /FH4

HCVRTO==VH4 /V(C4

Po=P?

DPOG=Vo¥*( ¥O*CH62+CHE1)
PE=P5=DP56

PE={ VEA#TEA+ VB~VOAI#TE) /VH
IFIV1.LE«62+ }FURCTB=2,8#V1+153.8

IF(V1.GT+62¢ +ANDe V1.LE«65.«)PWRCTB=40.%*V1-2150.

IF(V1.GT«65. )PWRCTB==34 . #V14+2660.
T11=T2+PWRCTB*US/{ V1#CPA)
vil=V2

P11=P8

PuRCLB=0.

DP1213=C12132%V¥5%V5
IF(V5LT«1.01#VBMIN)GOTO14
DP1213=C12132#VSMIH#VOMIN
IR={DP7R/1.869+.051/1.3
TR=TR*¥{ .128+.102%DP78/1.869)
PiH=£10+-.00396%( VB=368 ) %4#2
PUL=410.=.00178#{ Y5=306. | #5#2
PiiRCLB=TR*PWH+(1.-TR)*PWI,
14CONTINUE

F12=pB+DP1213
T12=TE+PWRCLB*U3 /{ V5%CFA)
113=T12

V12=Y5

P13=P8

V13=¥5

V8=V10+V2+VH

A-36

continued-



Life Systems, Jne.

Table 10 - continued

3600 VWB=VE7+YN2-V¥1

3610 VCB=VC?~VC4

3620 rCi=VCB*pPB/V8

3630 VNS=YN7

3640 PNB8=VNS*PB/V8

3650 V08=V(07-.5%( VH3~VH4)

3660 PuB=PB#YEB/VE

3670 DWB=DEWE(PW8)

3680 18"1Tll*?11+T13*V13+T7“V10+POWER*USICPA1/Va
3690 RH8=100.%PWS/PHTO(T8)

BP0 AVI=V7TH{ T7+460. 1%1.434/P7

3710 AVI=V1¥AV7/V7

3720 AV2=V2#(T2+460.)%1,434 /P2

3730 AV11=V11#({T11+460.)%1.434/P11

3740 AVO=VOH( TO+460. 1¥1.434 /PO

F750 AVASVIH{T3+460. 1#1.434/P3

3760 AVA=VAH{ T4+460. )%1.434 /P4

3P0 AYSH=YS5®AYT7 V7

3780 AVE=V5%({ T6+460. )#1.434/P6

3790 VBA=154 _ :

3800 AVEA=VEAW( TEA+460. 1%1.434/P6

3810 AVIZ2=V12%{T12+460.}#1.434/F12

3820 AVIZ=V13#({T134460.)%#1.434 /P13

B3B30 AVIORX=V10#(T7+460.1%1.434/P8

3840 AVS=VE*{ [8+460. }#1.434/P8

3850C - |

3860C ° EQUIVALENT WEIGHT CALCULATIONS:

3870C

3880 HRADWGI=817.9

3890 PHRPC=136.

3000 PiiHEC=45.

3910 PYWRDAU=100.

3920 Py RTOT=PHAPC+PY REC+PWRCLB+PHRCTB+PWRDAU
%030 HTLOT=HEATLD+U3*(P¥RTOT+POWER)

3940 PuRWCT=P4PEN#PURTOT

3050 HTWG T=HTPEN#*HTTOT

3260 H20WG T=H20PEN#*WPROD

3970 OXWGT=0XPEN¥*OCON

3980 EQhGTuPthGT+HTWGT+H20WGT+OXWGT+HHD%GT
3990C

4000C MAJOR OUTPUT SATEMENTS

40100 : i

4020 WRITE(IOUT; 456 )DELT1P T2PyDWls DELTIP

4030 456 FORMAT(® PREFERRED VALUE OF DELT1 IS*sF6.2»
4040%* UNDER THESE CONDITIONS®/* S50 THAT"»F6.2,
40508" = T2 = D1l + DELTL =%)»F6.2+™ +"yF6.24".")
4060C . ‘ ‘
4070 944F0RMAT(5X.A6.G10 4931 1 "9A6sG10.4))
4080C

4090 WRITE(IOUT31020)
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Table 10 - continued

4100 WRITE{IOUTI944)"TT "»TI+™TE "+TE+s™E *,E,"EMOD",ENOCD,»

41102"CTRARS™ »CTRARS » " OCON™» OCON+™HCON™ yHCOR+“WPEROD* s WPECD,

41208 CURDEN™» CURDEN "HEATLD™ + HEATLD, * POWER™ » POWER

4130¢

4140 WRITE(IOQUT$1014)

4150 1014FORMAT(™ CATHODE AIR INLEI:*}

4160 WRITE(IOUT944)1™P1 "»P1+"PC1%sPC1,

41708 UL s PUL s "FC1" s FCL o FW1"» Flila"VC1M s VC1a™VW 1™ Vil

4180&" V01" o VOLe ™ UNLI® s ¥HI+™T1 "3 T1+"DW1"+DW1s*RH1"+HH]

4190C

2200 WRITE(TOUT 1024)

4210 1024FCHMAT(®™ CATHODE AIR OQUTLEf2™)

4220 GHITE(IQUTIS24)"P2 “yP2+"DF12"DP122"PC2"+PC2y

42308 FU2Y aPU24"V2 9 V2o " V02" o VC 24" VU2" s Vi 2 7
42408V 02" s V02 o " VN2 y ¥NZ2»“FC2" s FC2o "FUZ" s Fil2s " T2 "y 122" DLiZ", DWZ s "RHZ™y KHD
4200&y™P11"yP11s*V11"s V11 11", T11

4260C

4270 WRIYE(IOUT:1010)

4280 1010F0RMATI™ PROCESS ATk INLET:*) ]

4290 WRI'LE{ I0UT; 044 )PY "9P?$“PW7"'PWT'“PN7"pPN71"VC7":VC?y“Vh7"9VW7:"V07"sVO7’
4002 VH7" s UNT o " DUP ™ s DT o “HHT ™ 9 HH7

4310C

AZ20 GHITE(IOUTS1015)

4330 10I5FOKMAT(™ PROCESS AIR QUILED:*)

4340 WRITE(IOUT; 944)vP8 Y PE"PCBY S PCBy" V10", V10, "DP7B" s DP7R,

A3508"V8 " VB ViHB" s VHB+ " V0B™, VOB, VOB™ s V0B "PUR™ » PW» "8 "4 08,
£3605YDIB"»DWB+ " RHA" 4 RHA

4370G

4330 LWRITE(TIOUL$1019)

4390 1019FORMAT(™ H2 IWNLET:™) )

4400 GRITE(IQUT;O441%PO "4 POy "PiO%, PilO» "DPY53% » DPO3, "F3 ", b3

44108y "PHE" s PU3»"PHE"PH3» " V3 V3 “VH3" s VHI» "V NS™y VB *FHS3™ s FH3+ " VOMSL™ y YOMSL
4420

4430 WRITE(IOUT:1013)

4440 1013FORMAT(™ H2 OUTLER:™)

4450 wHITE(IOUT3944)"P4 " ,P4,"DP34"sDP34+"PU4" ¢ Plidy " V4 "o V4s"VC4", V(4
44608 "VHA" s VHA 9" VH 4™ o V4 " VASL"y VASL»"VC4ASL" s VCASL 9 * VH45L™ s VHASL » " F4 "y F4y
4&70&"FCQ":FC&&"Fﬂ4"vFH&:"FW&"'FWQn“DW4"’DH49"CHWRTO“!CHWRTO;"HCVRTO":HCVRTO
44800

4430 WRITEIIOUT;1023)

4500 1023FORMAT("™ HEAT BALANCEs MODULES:*™)

4510 wHITE(ICUT; 944 )"HEATLD" s HEATLD» *DHA » DHA» " DHH™ » DHH» *DHC™ 9 DHC

4520{

4530 LWRITE(ICUTs1012)

4540 1012FORMAT(™ COOLING AIK:*) '

4550 WRITE(IQUT;O9441"P5 "4PH,"DP56" yDP564"PE "4 P6

4560&5 VD "2 ¥D2™TE "y T5:™T6 “sT6s"HC “»HCs"ETA"+ETA

45708 " VBAY+ TSA+ “TEBA™ THA
4580&1"?12“9P12i“?12"|V12|"T12'!T12'"DP1213":DP1215!'U5HIK“|V5MIN

4590¢

. continued-
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Table 10 - continued

4600 WRITR{I0UT;1041)

4610 1041FCRMAT(* ACTUAL VOLUMETRIC FLOW HATES:') .

4620 WHITR{IOUT S O44)"ATVLI " s AVL s "AV2 Y s AT+ " ATS™ 2 AV " AV4™ » AV4, "AVE", AVD,
4GB0 AVE "y AVEs " AVEAR s AVEAs T AYT " 2 AV7 ™AV AVB» “AVO" 2 AV,

46408 AVI0EX" »AVI0EX s *AVI1®+AVI1,"AVI2"»AV1IZ,"AVIG",AV1S

46500

4660 WRITE(IOUT;1016) )

4670 1016FORMAT(™ EQUIVALENT WEIGHT:™)

4680 YRITE{ I0UT;944)"PWRCLB"y PHRCLBy "PHRCTB" s PWRCTBs "PWRPC™ + PWRPC»
46908 PWREC® s PUREC » " P RDAU™ » PYRDAU » "PWRTOT™ s PWRTOT» "HITOT™» HITOT»
A7 008" PUREGT™ » PURYG To " HTWE T s HTHWG Ts "H20WG T" » H20UG T» “ OXUGT™ » OXWGT)
4710&“HRDYNGT" » HHADUG T » * EQUG T » EQWG T '

4720 GOTOL

4730 END

47400

4750 FUNCTIONPHTOILE) :

4760 DATA AsBeCoeDsEEsFol /32457814 + 005BEB2611 «1702370E=8

47705 +0021878462,5.219603,273.16,2.3025801/

4780 TC={UF-32.)/1.8

47090 (=%74.11-TC

4300 PHTO=ELP(0#(EE=( X /UTCHF ) )l A+B#X+CHX#H#3)/{ 1.0+D%X) 1))

4310 RETURN

4a20 END

43300

4840 FUNCTION DERT(E)

4850 EXTERNAL ROOT,PHIO

4860 1X=ALOGLEP)

4870 TA==2.4+20.25%1 1 +1. 522*xx**2

4880 TB=YA+.1

2800 DEWT=ROOT{ €A sTBsPHTOsPr+005y+005,5)

4000 RETURN

4910 END

49200

4930 FUNCTION TICOR(PsAF.CDsDEL)

4040 HEAL S{5,7)

4950 DATA S/1+75187=511449, « (775073 =« 00592534, 000179862
40608 1423062271935 02101871 =«00054839+~1+3475E-Dy S
AY70& 1+081009=+110821+~.0081408,.00196359,-8.5832E-5,

49808 9025831050689« 0025161y« 000286944 =1 3673E=5:

40008 +715519=+ 072213+ .0024297+9+ 0BE~64 =3+ 48E-74

50008 «616129=+055237+ 00038035 .00028605s =1 +5623E-5»

50102 +52087=+035100s~+0014939, +00035115,~1.4808E~5/

5020 PA=P#(AF/e44)8%{{ .S4#P4+1 . VHEXP({~.84%P) )

5030 J=CD/5+~1.

5040 IFLJ.LT.1)1J=1 :
5050 TI1=PA%(S(1sJI+PAT(S{22 JI+PAR(S( 3T J4PAR{S{ 45 JI+PA¥E(55J111))
5060 IF(J.LT.7)60 10 8 '

5070 TICOR=TI1

5080 ¢0T09

5000 8 J=J+1
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©. B100 TIZSPL'{S[llJ’+P£“(S(2|J|+PL*(S(3|J'+PA.‘Sf‘OJ'+Pﬁ*st5.J'"!l
5110 AIT=J

5120 TERP=CD/5.=AII

5130 TICOR=TIZ*TERP+TI1%(1.-TERP) o

5140 9 TICOR=TICOR#{1++.03536%( PEL~18.33}} ¢
5150 RETURN

5160 END

8170cC

5180 FUNCTION ROOT(X1+X2+YFCNeWeXTOL+YTOLsK)

5190 COMMON IOUT

5200 EXTERNAL YFCH

5210 XA=X1

5220 XB=X2

5230 FA=YFCH(XA)~W

5240 FB=YFCNIXB)-u

5250 DO 91 IROOT=1.K

5260 XN={FA*XRB-FB#XA)/{FA-FB)

5270 FN=YFCNI(XN})-W

5280 TF(ABS{FN).LT.YTOQL .AND.

5200&  ABS(XN-XB).LT.ITOL):O TO 99

5300 IF(IRCOT.GE«KIWRITE(IOUTIZ00)X1+X29WoXTOLs»YTOLs IROOT,
8310& XA+ XBsXNsFA+FBsFN

B320 200 FORMAT{ "™ NONCONVERGENCE IN ROOT™»5G11.4»I3/7G11.4)
5330 XA=XER '

5340 XB=XN

5550 FA=FB

5360 FB=FH

5370 91 CONTINUE

5380 99 ROQI=XN

5350 RETURY

5400 END

54100

5420 SUBROUTINE TDRIFY

5430 REAL N»lI

5440 COMMON JTOUT»CPA+»CPHsDHC»DHAs» DHHoHEATLDs DTREQs DTAVASN» I+ Es
B450&HC ETA»V1+ V31 V5A» T6A»T59 T3 T1, 12

5460 EXTERNAL ERT»ROOT»ERTL

5470 ENTHPR=VI®CPA*TL+V3#CPHH*TI

5480 TZHIGH=( ENTHPR+.99%HEATLD) /{ V1#CPA+V3#CPH)

5490 T2LOW={ ENTHPR+VSA*CPA*TS+HEATLD) /( VI#CPA+V3#CPH+V5A*CPA )
5500 12=TZ2HIGH

5510 DUMMY=ERT(VHA/N)

55620 Tz—ROUT(T2HIGE'T2LOH,ERT1.D...005,.005.201

5530 RETURN

5540 END

5550¢

5560 FUNCTION ERT1(TI

5570 RFAL N»1

5580 COMMON IQUT»CPA»CPHDHC +DHAy DHHyHEATLDs DTREQe DTAVANeIoEy -
ODIF0EHC s ETAs V1 ¥34 V54, T6As 155 T39T1,T2

) continued-
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BE600 E=.720=.22%AL0G{ I }4+.008#I+.005%( T=78. )

5610 HEATLD=N#T1%(1.25-F)%*3.419

5620 DHA=VI#*CPA*(T-T1)

5630 DHH=V3*CPH#(T-T3)

5640 DEC=HEATLD~DHA-DHH

5650 TBA=TS5+DHC /(VHOA¥CPA}

5660 DIREQ=DHCH#{ «376+3.876/(HCFETA )} /W

5670 TF(16A.L1«1160T0 1086

5681 FiT1=-DTREQ

5690 RETJIRY

5700 1086 DTAVA=({ T6A-1BY/ALCGI{T-I5)1 AL T=T6A)}

5710 ERT1=DTAVA~DTHEQ

8720 HETURM

5730 LERD

57400

5750 FUONCYION ERI(V})

5760 HEAL Nel

B770 COMMON TOUT+CPALCPHyDHC DHAoDHH,HEATLD,DThLQvDTAVA-HoI;E,
A7H0EHC»ETAs Vie V3o VDAL TEA» TDs w39 T1,HT

5700 IF{VelLRel s JHO=1 DPHVER{ 45H58]

S300 I8 ¥eGTele ohllle ValfaZe0lBR3IH0=121+V5 2 544+.42%7 )
5810 IF{ Vel Ea2e9883 oAWDe VeLEsde YHC=2. %Y

53820 TF{VeQT 4. }HL=2.639016%y##{ .8)

HRZ0 nlA=1. i _
5340 IF{VeGT+e32104 2ANDs Vo1, Te24.72)1ETA=140644~.1135%5Q8TI V)
5850 IF(VGE.24.72 )JETA=2.486 /5081 V)

5860 LEA=TH+DAC /L VACPAH*N]

5870 DYREQ=DHC#( +376+3.876/{ HCH*ETAY) /¥

5880 IF(I6A.LT.T2)en TO 26

5390 WAT=—1onBG

5900 AETULN

5910 86 DTAVA=( TGA~TEV/ALOGL{t2-15) A T2~TI6A})

5920 ERT=DTAVA-DTREQ <§£§§
5930 KETURN ,
5040 END G§&@&
'5950C <§S ¥
5960 SUBROUTINET( VARNAM VARsBOT,TOP+1) 4§§§) Y

5970 COMMON 10UT L ‘?

5980 I1F{VAR-GE-BOT.AND.VAR.LE.TOP JRETURN @.ﬁa

5990 WRITE( 10UT3 10 1VARNAM s VARs BOT TOP

6000 I=I+1

6010 RETURN

6020 10FORMAT({1Xs»ABs*=",G10+4+" RANGE: “420G10.4)
6030 END
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CONDITION:

MESSAGE:

CONDITION:

MESSAGE:

CONDITION:

MESSAGE:

CONDITION:

MESSAGE:

CONDITION:

MESSAGE:

CONDITION:

MESSAGE:

CONDITION:

MESSAGE:

CONDITION:

MESSAGE :

CONDITION:

MESSAGE:

TABLE 11 CHECKS AND MESSAGES

An input variable is out of the prediction range.

VARTABLE = XX.XX  RANGE: XX.XX XX.XX

Less than 1.3 times stoichiometric amount of H
supplied.

2 *°

INSUFFICIENT HYDROGEN. XXX.XX SLPM IS - REQUIRED.

Cathode air blowers cannot supply the requested flow
rate. Program sets the flow equal to blower capacity.

V1 HAS BEEN CHANGED TO 70 SCFM, BLOWER CAPACITY.

Not enough heat is generated in the modules to attain
the setpoint module temperature.

COOLING BLOWERS ARE OFF. MODULE TEMPERATURE FALLS
X.XXF BELOW THE DESIRED XX.XXF TO XX.XXF.

Process streams and cooling air cannot remove enough
heat to maintain the setpoint module temperature.

COOLING BLOWERS ARE ON FULL. MODULE TEMPERATURE RISES
X.XXF ABOVE THE DESIRED XX.XXF TQ XX.XXF.

Normal heat balance is attained.

DESIRED MODULE TEMPERATURE IS MAINTAINED WITH COOLING
BLOWERS AT PARTIAL CAPACITY.

Process air flow does not exceed cathode air plus cooling
air flow by at least 5%.

INSUFFICIENT PROCESS AIR TO PREVENT BACKMIXING THROUGH
PLENUM BYPASS,

Inlet process air moisture conditions are out of tolerance
and will not support steady state cell operation.

INLET PROCESS AIR DEW POINT DEPRESSION QUT OF RANGE.
ELECTROLYTE MOISTURE BALANCE IS NOT MAINTAINED.

Outlet process air moisture conditions are out of tolerance
and will not support steady state cell operation.

OUTLET PROCESS AIR DEW POINT DEPRESSION OUT OF RANGE.
ELECTROLYTE MOISTURE BALANCE IS NOT MAINTAINED.

continued-
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Table 11 - continued

10. CONDITION: Average of inlet and outlet process air moisture condition
is out of tolerance and will not support steady state cell
operation.

MESSAGE: AVERAGE PROCESS AIR DEW POINT DEPRESSION OUT OF RANGE.

ELECTROLYTE MOISTURE BALANCE IS NOT MAINTAINED.

11.  CONDITION: Convergence subroutine (ROOT) did not approach a solution
within the specified number of iterations.

MESSAGE:: NONCONVERGENCE IN ROOT (PRINT ROOT PARAMETERS}
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TABLE 12 NOMENCLATURE AND UNITS

Composite Variable Names

First Prefix P - (Partial) Pressure, mm Hg
V - Volume Flow Rate, Scfm 70F, 760 mm Hg
AV - Volume Flow Rate, Cfm
F - Mass Flow Rate, Lb/Hr
DP - Pressure Drop
DW - Dew Point, F
T - Temperature, F
RH - Relative Humidity, %
Second Prefix C - Carbon Dioxide (C02)
0 - Oxygen (0.)
N - Nitrogen %NZ)
H - Hydrogen (HZ]
W - Water (H.O)
(None) - Total St¥eam
Stream Number @ - Cabin Atmosphere
1 - Cathode Aiy Modules Inlet
2 - Cathode Air Modules Outlet
3 - H2 Modules Inlet
4 - H_ Modules Outlet
5 - Cooling Air Inlet
5A - Cooling Air Inlet, Active Cells
6 - Cooling Air Outlet
6A - Cooling Air Outlet, Active Cells"
7 - Process Air Inlet
8 - Process Air Qutlet
9 - System Inlet

H
19 - pfenum Bypass
11 - Cathode Blowers (Outlet
12 - Cooling Blowers Qutlet
13 - Cooling Dampers Cutlet

Units Suffix (None) - Units of First Prefix
PSA - Psia
PSG - Psig
SL - Slpm

Additional Variable Names

A,B,C,D,EE,F,G Constants in pH,0 Dew Point Equation
All,J Indices Determifie S Constants

CD Current Density

CHWRTO COZ/H2 Weight Ratio, Lb COz/Lb H2

continued-
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Table 12 - continued

CJKN Coefficient in Pressure Drop Equation
J = Inlet Stream Subscript
K = Qutlet Stream Subscript
N = Degree of Term
COR34,CORS3 AP Correction Factors for Absolute Pressure
CPA Volumetric Specific Heat, Air, Btu/Hr-Scfm-F
CPH : Volumetric Specific Heat, H2, Btu/Hr-Scfm-F
CTRANS CO., Transferred, Lb/
CURDEN Current Density, A/Ft
DELT1 Input Control Variable = T2-DP1, F
DELT1P Preferred Value Control Variable = T2-DP1l, F
DELIE Actual Control Variable = T2-DP1, F
DHA Enthalpy Gain of Inlet Process Air, Btu/Hr
DHC Enthalpy Gain of Cooling Aix, Btu/Hr
DHH Enthalpy Gain of Inlet H,, Btu/Hr
DDP1,DDE2 Dew Point Depression, StTeams 1 and 2
DPTDAV Process Air Dew Point Depression, Average, F
DROP,RISE T2-(DWI + DELT1), Absolute Value of Module
' Temperature Offset '
DTAVA Log Mean Available Temperature Drop, F
DTREQ Required Module - Cooling Air Temperature Drop, F
E Cell Voltage, Volt
EMOD Module (16 Cells) Voltage
EQWGT Total System Equation Weight
. ERT,ERT1 Difference Between DTREQ and DTAVA
ESTACK Stack Voltage, Volt
ETA Cooling Fin Efficiency, Dimensionless, 0-1
FA,FB,FN Dependent Values Corresponding to XA,XB,XN
?FIN File Input Indicator
FNAME Variable Equal to Output File Name
?FOUT File Output Indicator
HC Cooling F%n Heat Transfer Coefficient,
Btu/Hr-Ft“-F
HCON H2 Consumption, Lb/Hr
HCVRTO HZ/CO2 Volume Ratio, Scfm H2/Scfm CO2
HEATLD Nét Heat Produced, Btu/Hr
HTPEN Heat Rejection Penalty, Lb/Btu/Hr
HTTOT Total Heat Rejection
HTWGT Heat Rejection Penalty Weight
H20PEN H,O0 Vapor Rejection Penalty, Lb/Lb/Hr
H20WGT H_O Rejection Penalty Weight
I Clirrent, A _
INP Input Device Code: 2=File, 50=Terminal
I0UT Output Device Code: 1=File, 66=Terminal '
MATHIN Name of Input Data File
N Number of Cells in Circuit
NERROR Check Violation Indicator
0 - No Violation
1 - Violation .
continued-
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Table 12 - continued

NFLAG,FLAG Program Option Integer = 0 or 1

OCON

OXPEN 02 Consumption Penalty, Lb/Lb/Hr

OXWGT 02 Consumption Penalty Weight

P Inlet pCoO

PA Inlet pCO, Corrected for Effect of Air Flow

POWER Electrica% Power Produced, Watt

PWPEN Power Penalty, Lb/Watt

PWRCLB Cooling Blower Power, Watt

PWRCTB Cathode Blower Power, Watt

PWRDAU Data Acquisition Unit Power, Watt

PWREC Emergency Controller Power, Watt

PWRPC Primary Controller Power, Watt

PWRTOT Total Power, Watt

PWRWGT Power Penalty Weight

QA,QB,QC Coefficients of V5 in Quadratic Formula

5 Array containing Coefficients of PA in TI
Correlation

TA,TB Trial Values of Dew Point, F

TC,TF Dew Point, C, F, respectively

TE Current Efficiency, %

TERP Current Density Interpolation Variable

TI Transfer Index, Lb COzlLb 02

T2INP Set Point Value of T2

T2P Preferred Value of T2

T11 TI at one of the seven current densities
just below the desired current density

Ti2 TI at one of the seven current densities
just above the desired current density

Ul Conversion Factor, mm Hg/Psi

uz2 Conversion Factor, Scf/Lb Mol

U3 Conversion Factor, Btulgr-Watt

U4 Conversion Factor, 1/Ft

V,TR Dummy and Interpolatiom Variables

VA,VB Trial Values for V5

V5INP Cooling Flow for Set Point Module Temperature

V5MIN Cooling Flow with Blowers Off

V7M1 Plenum Inlet Flow less Cathode Air Flow

VOMSL Minimum Flow of H, Required

WAIT Dummy File Name t6 Prevent Closing Output File

WPROD Water Production, Lb/Hr

X1,X2,XA,XB,XN Trial Values of Independent Variable in

0, Consumption, Lb/Hr

Subroutine Root
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TABLE 1 OUTPUT EXAMPLES

ki HE ol el ﬂ-ﬂ-*I NPU'J'_‘ DATA*“*#****‘#G
CARTY ATMOSPHERE:

POR5A 14470 ' PCO 2.800 ¥ POOPSA 3.100 ¥
PrOCESS Ald QUITEY/INLET:

PRPEA 14.06 1+ 17 55.80 1+ §% 444.0 ¢ Duv LA
HZ OUdLe /TNLEL

PARSA 14.80 Y 9 75.00 t+ V9sL G700 ¢ D The ()
MODVLES 3

N QB.00 1 T 4.880 Y DELY1 12.00 ¢+ w1 54400}
PEATTY WEIGHY FACIO4S:

ParRy 0.5910 ' HIPEY 0.1280 ' H20rEN 134.0 ' OXERN 1556

rd0Gidd COmdHoLse
N¥lLag J.0000
R T S IR 32 g 2 3 4

VHBINp 26l.6 1t :
PREFELURD VALUE OF DELYL IS 18.81 UNDER THESE COMDITIONS
50 THAT €6.81 = T2 = Dl + DELT1 = 48.00 + 18.81.
MODULEE ¢ :

T1 2.184 t TR 79.41 ! E 0e3643 1 EMOD 548320
CTHANS 0.6732 ' 0OCON 043083 ' HCON 0.3334E-01 ¢ GSEEOD e3471
CUSDEN 20.00 ' HELVLD 1419. ' POWER 1707 ¢
CATHODE AIH INLET:
P1 726.8 1 PC1 2.678 t Pl B.549 1  FC1 14356
Fit 1775 v V(1 0,1989 1 Vu1 0.6352 t §y01 11430
VK1 41.78 v 11 55.80 ¢ D1 48.00 ' ERH1 507,
CATHODE Alx OUTLESR:
r2 718.6 1 Dpi2 8.183 ¢ pg2 1.3%6 1 Pu2 10.14 "
Ve 53.97 1 yCP 0.1004 ! Vu2 0.7619 1t V02 11455
Vie 41.78 Vv FC2 0D.6853% 1 F42 2.120 v 2 6700
M2 H2.61 1 HHZ2 53.89 t Pii T2Ged ' V11 5307
$11 34.94 0 -
PHOCESS AIR YINLET:
B 726.8 1 PW7 8.549 1 py7 5623 ' V07 1636
Vid'e 5.223 ¢ 07 D5.63 v N7 343.5 ¢ Dw? 48,00
RH7 75.01 ¢
PROCESS AIR OUYLET:
Ps 726.4 1 PCB 2.518 ' y10 128.4 ¢ DP78 C 043711
Ve 444.0 Vv yus 5.350 1 Vg8 1.55%7 +  §08 0% e 57
Pug 8753 1 g 64.85 ' Dug 48.63 ' @48 55«67
H2 INLEY: .
j2¢] 912.2 ¢ Pig  21.49 1 DP93 143.5 t P3 TER WY
Pi3 18+11 ¢ PH3 75046 1 V3 0.34256 v VHB De33a4
VI3 0.8071E=-02 Y FHS3 0.1046 ¢  VOMSL . 4.5%3 1t
continued-
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Table 1 - continued

Ha OUILET:

P34 3« 566 P4 10.73

P4 765.2 ' 1 V4 0.3132
¥4 0.9859E-01 ! VH4 0.2103 t V& (.4393E-02 't §4SL RafAi1
VCAasT, 2.792 1 VH4SL 5.955 ¢ F4 0.7513 + T(4 06752
¥4 0.6577E-01 t PFW4  0.1227E-01 ! Dii4 54.14 ! CH¥RIO 10.24
HCVHYO 24133 1t :
HEAT BATANCE, MODULES: .
ABAYTD 1419. Y DHA €51.1 ¢ DHH -2.925 + DHC , V0B
COOLING ATR: ,
5 726.8 1 DP56 34533 1 PE : 3.2 1 Y5 261 .6
15 5H«B0 ¥V TH 58.54 t+ HC 5.2858 1 ETA 08770
VA4A 261.6 ' 7T6A 58.54 t P12 28¢5 v V12 2616
712 63.08 - ' DP1213 2.085 Y YSBMIH 49.20 !
ACTUAL VOLUMETRIC FLOW RATES: o
AVl H4.96 1 AV2 5675 t  AV3 03418 1 AV4 0.5004
VS 266.2 1 AV6 268.9 ' AVBA 268.,9 1 AV7 . 451.9
AV8 460.0 ' AVO 0.2881 ! AV10EX C130.8 01 AV1Y 58.06
AV12 269.3 t AV13 270.1 ¢
FQUIVALENT “EIGHT: .
Fii iCLB 4.1 ¢ PURGTB 305.0 { PWRPC 136.0 ¢  PuikC 45400
P RDAD 100.0 Y PYRIOT 960.1 Y HYTOT 5285. ¥ PEHEGT 567.4
RlaGT | 676.5 ¢ H20WGT 46.51 Y OKWGT -  473.5 t HADWGT 817.9
EQuG 1 2582.
p+ 2= B 114 *%F%-ﬁ-ﬂ"ﬂ-l NPUT DA TA%###&%##*“
CABIN ATMOSPHERE:
POPSA 14.70 1 BCO © D.B830 Y FOOPSA S 3e100
PROCESS AIR OUTLET/INLET: ‘ ,
PaPSA 14+05 t 17 , 55.80 ¢ §7 444.0 ¢ DU 48,00
B2 OUITET /TNLET:
passA 14.80 1 Ty 75.00 t YOSIL 9.700 1 DuS Pde (0
MODUTLES ¢
il 96.00 ¥ I 4.880 ' DELT1 19,00 t y] Hd. 00
PENALTY WEIGHT FACTORE: : o _ ' _
Py EN 0.5010 1 HTPEM DJ1280 1 H20PEN 134.0 1 OFPEN 1555,

PROGHAY CONTHOL:

N¥L AT 0.0000 1

DESIHED MODULE TEMPERATURE IS MAIN®AINED &ITR COOLING BLOWERS AT FARTTAT, CAFACILY.
VBINF 2€1.6 1 ,

Pa¥FEHARED VALUE OF DELT1 IS 18.82 UNDER PTHESE CONDITIONS

S0 THAT 66.82 = I2 = D1 + DELT1 = 48.00 + 18.82.

MODULES : ‘ .
il 0.8224¢ | TE ‘ 29.91 Y E 0.364% 'V EMOD . B.824
CTRANS 0.2535 t OCON 043083 ! HCON 0.3884E-D1 ! GPROD 0.35471
CURDEN 20.00 ! HEATLD 1419. v POwWEN 170.7 )

CAYHODE AIRk INLET: o .
k1 V26,8 + PC1 0.6531 ¢t -Pul 8.549 v FC1 0.3314
Fil ' 1775 + ¥C1 0.4853E-01 t V¥l 0.6352 * ¥01 11.39
VN1 41.93 ¢ T1- 55.80 Y Dwl 48.00 ¢ HH1 TH.01

.B-3 continued
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Table ] - continued

CATHODE AIR OQUTLET:

p2 718.6 t DP12 8.183 t PC2 0.1516 ¢ pu2 10.15
Ve 54.03 ¢ V€2 0+.1140E-0! t V&2 0.7630 1 . ¥02 1155
yne 41.9% ¢ FC2  0.7786E=01 t  FuZ 2.132 v 12 67« 00
2 52.62 ' RHZ2 59.91 ! P11 7R6.4 0 V11 54.603
P11 84.94 ¢

P UCORSS AIR INLEL:
P? 7268 1 PWT . 8.549 1 PN7? 564.3 1 VOV (e 3600
Vif? 5.223 1 §{F 92.63 1 VN7 E44.7 0 DE7 455400
RH7 75,01 ¢

PROCESS AIR OUILEY: :
3 ?26.4 V' PCA a.5a20 ¢ V10 128.4¢ 1  DP78 0.3711
Ve 444.0 1 VuA 5.351 ' ¥c8 03619 1 VOB 9B a5
P8 B.753 1 T8 64.85 ' Dés 48.6% Vv RHA 5he b

H2 INTEQ: ‘
ro 912.2 ' P9 21.49 t+ DpPo3 143.5 1 p3 PEB 7
W3 18.11 ¢ PH3 750.6 t V3 0.3425 ¢ VHD fe5544
VW3 0.8071E-02 ! FH3 0.1046 t VONMSL 4.573 :

H2 OUTLET: '
Fa 765.2 { DP34 3.566 ! P4 10.73 1 ¥4 025089
V04  N.3713E-01 ' VH4 02103 ¢ Vii4 0.3520E-02 ¢ V4SL 7106
YC45T 1.061 1 VH4SL 5.985 + P4 03291 ' FC4 . 02535
FHZ  (Q.6577E-01 t F¥4  0.9835E-02 ! Di4 54.15 V  CHWHTO %.855
HCVYRTO 5.663 !

HEAT BALANCEs MODULES:
HEATLD 1419. ' DHA 651.1 ' DHH -2.923 ' DHC P70 <5

COOLING AIR:
PH 726.8 ' DP56 3533 ' PB 723.2 1 Y5 2616
T5 55.80 ' T6 58.54 t HC- 54255 1 ETA 08770
V5A 261.6 ' TEA 58.54 t P12 728.5 1 y12 261 €
112 €3.08 ! DP1213 2.085 ! Y5MIN 49.20

ACTUAL VOLUMETRIC FLOW RATES: ‘
AV1 54.96 ¢ AV2 BE.62 1 AVR 03418 ¢ AV4 02478
AV5 266+2 t AVS 268.9 ' AVGA 268.0 1 AV?Y 451.9
VR 460.1 ' AVO 0.2881 ¢+ AV10EX 130.8 ¢ AV11 58412
AVL2 269.3 1 AV13 270.1 !

EQUIVALENT WEIGHT:
PWRCLB 374.1 t  PURCTB 305.0 ! PYRPC 1360 ' PWREC 45.00
P§RDAU 100.0 ! PWRTOT 960.1 { HTTOT 5285« ' PWRWGT 5674
HTWET 676.5  H20MGT 46.51 t OXWGT 47%.5 ! HHDWGT B17.9
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APPENDIX C (S5-6 CABIN pC0., SIMULATION PROGRAM DOCUMENTATION

2

TABLE PAGE
1 Main Program Flow Chart . . . . . . . . . + « « « « . . . C-2
2 Base Subroutine Flow Chart . . . . . . . . . .. . . . . C-11
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4 Dew Point Temperature Function . . . . .. . . . . . . . C-28
5 Transfer Index Function . . . . . . + + « . . « . « . . . C-29
6 Root Function . . . T 223 !
7 Module Temperature Subroutlne . . €-33
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9 Heat Balance Function With Variable Cooling Air Flow Rate C-36
10 Range Test Subroutine . . . .+« .+ » C-38
11 Mode B Current and Cathode Alr Flow Subroutlne .+ .+ . . C-39
12 Cyclic Program Listing . . . . . . . . « .« +« .+ . . . . . C-40
13 Checks and Messages . . - . +. +« « « « « o« « « = « « « « o C-58
14 Nomenclature and Units . . . S L
15 Key to Selective Output Varlables B T
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Program Line

Sxmbol Numbers

150-720

760

b
N

770

780

790

| 800

810
820
830
850

860

900
g 910

TABLE 1 MAIN PROGRAM FLOW CHART

Description

START

PRINT, “FILE INPUT (T OR
FJH

READ, QFIN
INP = 50
IF (QFIN)INP=2

IF (QFIN) CALL OPEN F(2,
"MATHIN™)

PRINT, “FILE OUTPUT (T OR F)" |

READ, QFOUT

IF (NOT, QFOUT)IOUT=66

|

PRINT, "END OF INPUT DATA FILE"]

CALL EXIT

IF (NOT QFOUT) BRANCH

IF (NOT QFIN) PRINT, "FILE

FOR INPUT

Comments

Initialize type, common, equivalence,
external and data statements

Indicate from terminal whether input
will be from data file MATHIN (T), or
from the terminal (F).

Indicate from terminal whether output
will be on a file (T) or on the termin-
al (F).

Program branches to this peint and
terminates when a file input statement
is attempted (usually line 1050) but
the input file has been exhausted.

Obtain output file name if file output
is in use.

-continued-
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Table 1 - continued

Symbol

Program Line
Numbers

920-930

980

1020-1040

1050

1060

1100

1110

1120

1133-1160

1210

1220

1280

TABLE?"

DescriEtion

READ, FNAME

IF (ENAME # "SAME") CALL
CLOSEF (1, FNAME, 7)

IF (NOT QFIN) PRINT, "PROBLEM |
IDENTIFIER"

READ, IDENTIFIER

IF (QFIN) PRINT, IDENTIFIER

—_—

PRINT, "NEW COZ GENERATION

READ, QCO2GT

IF{QCO2GT) READ, CO2 GENERA-
TION TABLE

IF (QCO2GT) PRINT, CO2 GENER-
ATION TABLE

IF (NOT QFIN) PRINT, "INPUT |
DATA"!
READ, POPSA, PCO,...,DT,DPRINT]

IF (NOT QFIN) PRINT, "PRINT
BASE OUTPUT (T OR F)"

Comments

Assign the name to the file and close

it unless the name is SAME, indicating
that more cutput will be written into

the same file.

Read and write the problem identifier which

may be any comments up to 84 characters long.

Input and output new CO2 generation table
if desired, or use the table stored in
the program,

Read inputs for base,.Mode B, and time
intervals in the order and ranges
specified in Table 1.

Indicate whether the base program output
table should be printed (T) or omitted (F).

DH SWIISAS 21y



Table 1 - continued

Szmbol

L/

|

Program Line
Numbers

1290
1300
1310

1320

1330

1340

1350

1390

1400

1410

1420

1470

1480-1780

1820

Descrigtion
READ, QPRINT

KBASE = 4
IF (QPRINT) KBASE = 5

IF (NOT QFIN) PRINT, "NEW
CYCLIC QUTPUT SUBSCRIPTS?Y

READ, QSUBS

IF (QSUBS) READ, NDEX,

INDEX, , ..., INDEX pry

IF (QFOUT) PRINT, ""START
PROBLEM"

Yo " i
2 73
BK;q = BK; - BKy(BK,)
BK;, = BK. - BK
BK. - BK
6 7
BK12 = BK5 - BKll(BK6) ]

. IF(KMODE=1)CALL BMODE

WRITE,POPSA,PCO, ...,DT,DPRINT

IR=0 _W

Comments

Read new cyclic table output item sub-
scripts if they are to be changed,

Print message at terminal indi-
cating that a set of inputs is
complete and calculation is beginning.

Calculate slopes and intercepts for
Mode B current and cathede air flow curves.

If Mode B is in effect, determine current
and cathode air flow for the initial pCO,,.

Playback base, Mode B and time interval
inputs with current and cathode air flow
determined by Mode B if it is in effect.

P SmIISAS 21y



Table 1 - continued

Program Line

Symbol Numbers
1830
I
P
I 1840-2170
|
2180

2190

B | 2230

;gy_«/’ 2240

o

2290

| 2300

| | 2310

2320

DescriEtion

CALL T("POPSA,"POPSA,13.7,
15,7, 1IR)

CALL T({"DPRINT,'",DPRINT,]1,

100, IR) ;

IF(IR > 0) BRANCH

CALL BASE (KMODE, KBASE, 1,
KERROR)

IF(KERROR #0 OR DAYS =0)
BRANCH

NDT=DT

NDAY=0
MINCYC=TMAX (NSTEPS)
NDAYS=DAYS

NPRINT=DPRINT

Comments

Initialize out-of-range input variable
counter.

Subroutine T checks each input variable
against its allowable range. Out-of-range
variables are printed and cause IR to be
incremented.

If the counter shows that one or more in-
puts is out-of-range, abort the simulations
and read in next set of inputs.

Call BASE to determine all system parameters
at time zero, to print a base output table
if indicated by KBASE=5, and to abort simu-
lation if KERROR value returned by BASE in-
dicates that certain inputs do not support
steady-state. Also abort if no. of days

to be simulated = 0.

Initialize integer variables:integration
time interval, day counter, minutes per
cycle (day), limit on number of days, and
printing time increment.

UL SHIISAS 1Y



Table 1 - continued

(2]
o
=]

—

9-2

AU 8

Yail

i“

Program Line
Numbexrs

2330

2340
2350
2360
2370
2380
2390
2400
2410
2420
2470
2480
2490
2500
2510

2520

Description
Us={T@ + 460) (386.7) (760)
530) (VOLUME) (60) (44.01)

MAXDEX=0
DO 110 MN=1,NDEX
IN=INDEX (MN)

HDG (MN) =HEAD { IN)
110 IF (IN > MAXDEX)MAXDEX=IN |
IF (1 S MAXDEX < 52)KBASE=1 |

IF (53 < MAXDEX < 78)KBASE=2

IF (79 S MAXDEX < 129)KBASE=3

IF (130 £ MAXDEX S 150)KBASE=4

e

QPRINT= .TRUE.

NT=0

[

D0725 MN=1,NDEX

- 725 AVG(MN)=0

NDAY=NDAY + 1

PCOI=PCO

Comments

Calculaté proportionality constant between
net CO, removal (Lb/Hr) and cabin pCO2
change " rate (mm Hg/Min).

Determine the names (HDG) of the variables
to be printed out in the table versus time,
and find largest subscript (MAXDEX).

Calculate the parameter KBASE which indicates
to the BASE subroutine which of its output
variables must be calculated and which sec-
tions may be omitted for faster execution.

A line will be printed at time zero.

Clear the variable containing the average
of the parameters, AVG.

Increment the day counter,

Store the cabin pCO2 for the beginning of
the cycle.

TH[ ‘SWIISAS 21y



Table 1 - continued

Symbol

[T

Program Line
Numbers

2530
2540

2580

2590-2620
2630

2640

2650

2700
2710-2750

2820

2830

2840

2850-2870

DescriEtion

IGEN=1
CO2GEN=CGEN(1)

IF (QFOUT)PRINT, NDAY

PRINT CYCLIC TABLE HEADINGS

WRITE, 0,0

CALL BASE (KMODE,KBASE,1,KERROR)

IF (KERROR # 0)BRANCH

IF (NOT QPRINT) BRANCH
PRINT A LINE IN THE CYCLIC
TABLE

1F (NT <MINCYC) BRANCH

DO 726 MN=1,NDEX

726 AVG (MN)=AVG (MN) srivE

PRINT AVERAGES

Comments

Initialize the CO, generation rate step
counter and the C82 generation rate.

If file output is being used, print the
day counter on the terminal to indicate
progress of the program toc the operator.

Print time at time zero.

Call BASE to determine system parameters

at time zero and to print any error messages.

If the variable KERROR indicates that
conditions will not support the steady-
state, then BRANCH to get the next set of
input data.

Print a line in the cyclic table at the
proper time,

BRANCH if it is not the end of the day.

Complete calculation of average system
parameters.

DHL SWIISAS 1y



Table E,- continued

@‘8
2

I

-

L

B

—

Program Line
Numbers -

2880

2940
2950

2960
2970

3010

3020
3030
3040-3050
3100
3110
3120
3130

3140

‘ 065criEtion

IF (NDAY=NDAYS OR

0.0005) BRANCH

PCO-PCOL |
PCO

NT=NT + NDT

QPRINT=MOD (NT ,NPRINT) .EQ.0O

IF(NT > TMAX (IGEN))IGEN=IGEN+1
CO2GEN = CGEN(IGEN)

IF(NOT QPRINT) BRANCH

NHRS = NT/60

NMIN=NT - NHRS(60)

WRITE TIME

XA=PCO

SLOPEA=US5 (CO2GEN-CTRANS)
SLOPE=SLOPEA

PCN;PCO + SLOPE x DT

YA=XA - PCN

Comments

Start a new cycle unless either steady-
state has been reached or maximum number
of cycles has been reached.

Increment time.

Determine whether a table line will be
printed at this time.

Update CO2 generation rate.

Print the time if a line of table will be
printed at this time.

Calculate pCQO, at the new time. First
assume that p 02 has not changed during

the latest time increment. Calculate the
rate of pCO, change at the beginning of the
time increment (SLOPEA). Calculate average
rate of pCO, change during the time interval
(SLOPE). USing the old pCO, and the average
slope, recalculate the new pCO,. The error
associated with the first triaf is YA,

U SWISAS 1Y



Table 1 - continued

Program Line

Symbol Numbers Description Comments
3150 XB=PCN —] Use the improved pCO, value for the second
] 1 guess (XB}. Call BAgE to find the CO, re-
3i60 PCO=PCN : moval rate based on the latest value of pCO,.
} , | Calculate the rate of pCO, change at the ena
3170 CALL BASE(KMODE,O0,0, KERROR) i of the time increment and the average rate of
i : pCO2 change during the time increment. Re-
' 3180 IF{KERROR # 0)BRANCH calculate pCO, at the end of the time interval
from the pCO_“at the beginning of the interval
3180 SLOPEB=U5 x(CO2GEN-CTRANS}) and the rate of pCO, change., YB is the error
T associated with the second guess at cabin pC0,
. 3200 SLOPE = 0.5 x(SLOPEA+SLOFER)
1 .
3210 PCN=XA + SLOPE x DT
. !
& 3220 YB = XB - PCN _
]
3230 Pco=’i"i§———mf—xﬁ The cabin pCO. at the end of the time
i : increment is found with precision by
finding the zero of the function defined
by two points with coordinates XA,YA), and
«B,YB. Linear interpolation is used be-
cause both points are already close to the
root.
3240 KPRINT=0 Calculate KPRINT, the parameter to BASE
which determines when error messages can
3250 IF{QPRINT)KPRINT=1 be printed by BASE. Error messages will
_“—r——l not be printed unless it is time to print
a line in the cyclic table.
3290 CALL BASE (KMODE, KBASE,KPRINT, Call BASE to calculate system parameters
KERROR) : at the new cabin pCOz.
h 4
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Table 1- continued

Program Line

Symbol Numbers Description Comments
Gﬁk~—<<;> ' 3300 IF (KERROR # 0) BRANCH
3310-3330 * Update the average system parameters.
I —_ :
3360 SLOPEC=U5 x (CO2GEN-CTRANS) Check for error in cabin pCO, and BRANCH
] : to print a line of data in tﬁe cyclic table.
3370 SLOPE = 0.5 x (SLOPEA+SLOPEC)
1
3380 PCN=XA - SLOPE x DT
| : '
3390 YC= PCO - PCN

01-3
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Symbol

Program Line
Numbers

L

—

i

LI

E
|

IT-2

L

3680
3680
3690
3690
3690
3690
3700
3700
3700
3700
3710
3710
3710
3720
3720
3720

3720

TABLE Z BASE SUBROUTINE FLOW CHART

DescriEtion

START

CPA

CPH

n

831

Uz
u3 =
U4 =
C782
C562
C56i
£6132
€5132
C5131
QA =
HRDWG
PWRPC

PWREC

" PWRDA

1.0765

1.0666
51.7
386.7
3,419
28.32

2.25 x 10'5

1.303 x 107>

1

1.01 x 10_2

n

8,611 x 10'4

€562 + Cbl32

cs561

€5132 - C782

T = 817.9 Lb

i}

136 WATTS

45 WATTS

U = 100 WATTS

|

Comments

Initialize Constant Btu/Hr/Scfm-F
Initialize Constant Btu/Hr/Scfm-F
Initialize Constant mm Hg/Psi
Initialize Constant Scfm/Lb-Mol/Hr
Initialize Constant Btu/Hr/Watt

Initialize Constant 1/Ft>

Initialize constants for pressure drop
equations

Initialize weight and power constants

-continued-
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Table 2 - continued

Program Line
Symbol Numbers

3730

3740

3750

3790

3800

3810-3820

3830

-9

3840

3890

3900

3910-3920

3970

3980

|

A Es

3990

1

l
|

4000

“

DescriEtion

KERROR = O

IF (KMODE + KBASE=0)BRANCH
IF (KMODE=1)CALL BMODE

V9@§L = (1.3)(N)(I)(7.058 x
10

IF VOMSL < V8SL THEN BRANCH

WRITE "INSUFFICIENT H,," VIMSL,

)
"I5 REQUIRED" 2
KERROR = 1
RETURN

IF V1570 THEN BRANCH

V1l =70

WRITE "AIRFLOW CHANGE TO 70
SCFM"

VMl = V7 - V1

C5131 + 2 (V7M1)2

QB =
QC = c782 (v7M1)?
7
_ =B + VgB® + 4(0A) (QO)
VSMIN = LIS |

Comments

Initialize error indicator

Calc. required H, flow

Check for sufficient H2 Flow

Write error message and required
H2 flow :

Return in error condition

Check that V1 is less than the
process alr blower capacity

Set V1 to maximum blower capacity

Print error message

Calculate bypass coocling air flow
with cooling blowers off; i.e.,
calculate minimum cooling air flow
rate

L SHISAS 21y



Table 2 - continued

Symbol

Program Line
Numbers

(1

21-3

4040

4050

4060

4070

4080

4090

4100

4110

4120

4130

4140

4150

4190

4240

4250

Description

DW1 = DW7

T2 = DW1 + DELT1
T2INP = T2

E=0.729 - 0,22 1Inl +
0.008I + 0.005 (T2-78)

HEATLD = (1.25-E) (N)(I)(U3)

T1 = T7

T3 = T9

V3 = VOSL/U4

T5 = T1

DHA = V1 (CPA) (T2 - TI)

DHH = V3 (CPH) (T2-T3}

H

DHC = HEATLD-DHA-DHC
If DHC > 0 THEN BRANCH

V5 = V5MIN

VSA = (N) (VSMIN)/96

Comments

Calculate cell temperature
Store input T2

Calculate cell voltage

Calculate modules' heatioad

Calculate heat removed by
cathode air flow

Calculate heat removed by H,

Calculate heat removed by
cooling air

Check to see if cooling air
is required

Set cooling air flow to minimum

Calculate flow thru active cells

Fd
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Table 7 - continued
Program Line
Symbol Numbers
J 4260
o
i 4270
(é)q_{\y;> 4280
N 4290
@-_>
s 4300-4320
;Gi
PO 4390
g
4440
1
4450
1
4460
1
4470
4480
4490
4500-4520

DescriEtion

CALL TDRIFT

DROP = T2INP-T2

IF (DROP < 3) BRANCH

IF (KPRINT = 0) BRANCH

WRITE 'VSMIN,' VSMIN "COOLING
RLOWERS OFF," '"MODULE TEMPER-

ATURE FALLS," DROP, '!NEW T2,"
T2

IF T2-T

¢ > (0.376)DHC
BRANCH N

THEN

V5 = 440
V5A = V5(N}/96
Call TDRIFT

RISE = T2-T2INP

IF (RISE < 3) BRANCH
IF (KPRINT = 0) BRANCH
WRITE ''COOLING BLOWERS ON

FULL," "MODULE TEMPERATURE
RISES," RISE, "NEW T2," T2

Comments

Calculate T2 for subcooled
condition

Calculate temperature, T2, drop

Print out new conditions

Check if there is sufficient AT
to conduct heat up fins

Set V5 to maximum blower capacity
Calculate flow thru active cells
Calculate T2

Call rise in module temperature

Print out new conditions

Y SHISAS 1Y



Table 2 - continued

Symbol

Program Line
Numbers

L

4580

4590

4600

4610

4620

4660

4670

4724

4760

4770

4780-4810

4880

4890

4900

4910

4920

DescriEtion

VA

1.01 x DHC/CPA (N} (T2-T5)

VB

n

2 (VA)

YSA = (N) - ROOT (VA, VB, ERT,
0, 0.005, 0.001, 20)

VS = 96(VSA)/N

VSINP = V5

If VS < VS5MIN THEN BRANCH

If V5 > 440 THEN BRANCH

V10 = V7-V1-V5

IF V10 > 0.05 (V8) THEN BRANCH
IF (KPRINT = () BRANCH

WRITE “INSUFFICIENT AIR FLOW,
RECIRCULATION OF AIR FROM
QUTLET TO INLET"

IF(KBASE = 0} BRANCH

(14.1 )0.8
P4PSA

P4 = P4PSA (V1)

COR34 =

V3SL = V9SL

DP34

(0.3822) (COR34) (V3SL)

Comments

Calculate minimum and maximum cooling
air flow to set range for iterative
subroutine ''ROOT"

Calculate cooling air flow past active cells

Calculate total cooling air flow

Check for subcooling
Check for heatup
Calculate plenum bypass flow

Check for sufficient plenum bypass

Print error message

Calculate module H, cavity pressure drop

2
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Table 2 - continued

Symbol

Program Line
Numbers

.

[

4930

4930

4940
4950
4960
4970

4980

4980

4990
5000
5010
5020
5030
5040

5050

5060.

Descrigtion
IF V3SL £22 THEN BRANCH

DP34 = COR34 (8.3183‘1.75

0.4187 (V3SL-21.5801) )

P3 = P4 + DP34

P3PSA = P3/U1
. _(14.1)0.8
COR93 ='pzbey

DP93 = (COR93) (10.64) (V3SL)

IF V3SL < 6.2 THEN BRANCH

DP93 =COR93 [35.64 V3SL -
195,25 + 35.55_0.6537»35L)

I

P9 = P3 + DP93

PSPSA = P9/Ul

11

DP78 = 2.25 x 107> (V10)2

P8

P8PSA(U1)

P7

P8 + DP78

P7PSA = P7/U1

DP12 = 0.001903(V1)% +
0.04877(V1)

P1 = P7

Comments

Calculate module H, inlet pressure

Calculate H2 distribution block pres-
sure drop

Calculate H2 inlet pressure

Calculate process air inlet pressure
using plenum pressure drop correlation

Calculate cathode air pressure drop

TH) SHIISAS 21y



Table 2 - continued

Program Line
Symbol Numbers

5070

i!i-. 5080

5090

5110

5120

5130

5140

1
T
1

LT1-D

5160

5170

5180

i ] 5190

5200

i
= 5210
N— ‘
4
1
!

5220

5240

5250

' CURDEN

De5crigtion
P2 = pl-pP12

1/0.244

TZ2-DW1

P7PSA
POPSA

TI = TICOR (PC1, V1/96,
CURDEN, DELTIE)

DELT1E

PC1 = PCO

OCON = 6.5803 x 10'4(N)(I)
CTRANS = TI (OCON)

IF{KBASE < 1) RETURN

_ 2,016
HCON = OCON T3
WPROD = HCON + OCON
_ V2
veh = CIRAS ot w60
PWS = PHTO (DW9)
PWS
PW3 = P3 55
PW3
VH3 = V3{1 - %)
_ U2
VH4 = VH3-HCON 5516 x 60
PW4 = PHTO (T2-6)
- __Pud
VW4 = SEor (VC4 + VHA)

Calculate
Calculate
Calculate
Calculate

Calculate

Calculate

Calculate

Calculate

Calculate

Calculate

Comments
cathode air out pressure
current density
actual humidity AT
cathode inlet pCO2

TI

02 consumed

CO2 transferred

H, consumed

water produced

anode gas stream parameters
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Table 2 - continued

Program Line
Symbol Numbers

5260

5270

5280

5290
5300
5310

5320

5330

OOGEH D

5340

5350

5360

5370

5380

5390

5400

5410

Descrigtion

DW1

PW1

VW1

VW3

VWPROD = WPROD

VW2
POO
PO7

PO1

PN1
VN1
Vo1l
VC1
VN2
Vo2

vC2

i

13

DW?

PHTO (DW1)
PW1
VI o7
V3-VH3
V2
18,01 x 60

YW1 + VW3 - VW4

P

POOPSA/U1
POO (P7/PO)

PQO7

P1-PO1-PW1-PC1
V1 (PN1/P1)
Vi (PO1/P1)
V1 (PC1/P1) ]
VN1 ]
VO1 - OCON (U2/32 x 60)

VC1 - VC4

Comments

Calculate cathode air water balance
parameters

Calculate cathode air inlet stream
parameters

Calculate cathode air outlet stream
parameters

W SHIISAS 21y



Table 2 - continued

Program Line
Symbol Numbers

[ 5420

5430

5440

5500

5510

5640-5650

5520

5530

5670-5680

5540

5550

5560

ZC:::::;7 5570-5580
/S 5590-5610

" WRITE "ELECTROLYTE MOISTURE

DescriBtion Comments

V2 = V02 + VN2 + VW2 + VC2

V2
V2 .

DEWT (PW2)

FW2 P2

Dwz2

IF T1-DW1 = 11.25 % 1.75 AND :
T2-DW2 = 11.25 * 1.75 THEN
BRANCH

IF T1-DW1 2 4 THEN BRANCH

WRITE "INLET AIR HUMIDITY
OUT~0F-RANGE"

IF T1-DW1 < 14 THEN BRANCH |

IF T2-DW2 > 7 THEN BRANCH Perform moisture balance checks

WRITE "OUTLET AIR HUMIDITY
QUT-0OF -RANGE"

IF T2-DW2 < 19 THEN BRANCH
DPTDAV = % .(T1-DW1+T2-DW2)

IF DPTDAV = 11%1.5 AND EITHER
T2-DW2 > 13 OR DPTDAV 3 0 THEN
BRANCH

WRITE "AVE DEW PT DEPRESSION QUT
OF-RANGE

BALANCE NOT MAINTAINED"

H[ SMINSAS 1Y
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Table 2 - continued

Program Line
Symbol Numbers

| ‘ | 5620
S;?rﬁ_ ) 5630
IR 5740
i 5750

5760

5770

5780

5750

5800

5810

5820

I 5830

5840

5850

5860

DescriEtion

KERROR = 3
IF NFLAG = 1 THEN RETURN

IF (KBASE = 2} RETURN

DELT1P = 22-T1 + DW2

T2P

PW7

PN7

PC7

VvC7

VW7

PQ7

Vo7

VN7

RH7

EC1

ppl1
Pw1
PN1

PC1

PC7
P7

P7
B7
PO1

PO7
P7
PN7
P7

100

VCl

+ DELT1P

(V7)

(v7}

(V7)

v7)

Pu7
PETO (T7)

44,01 x 60

uz2

Comments

Check NFLAG for program abort

Calculate preferred AT

Complete definition of process air inlet
stream

Complete cathode air inlet stream
definition

THY SHIISAS 21y
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Table 2 - continued

Symbol

Program Line
Numbers

5870

5880
5890
5900
5910
5920
5830
5940
5850
5960

5970

5580
5990
6000
6010
6020

6030

DescriEtion

18.01 x 60
FW1 = Vi1 2= X0 |
RH1 = RH7 _J
PH3 = P3 - PW3 o
2.016 x 60
FH3 = VH3 et B
EMOD = 16(E) T

POWER = (N) (1) (E)

TE = TI/0.0275

~ P2 —
PC2 = VC2 o5
FC2 = FC1 - CTRANS
18,01 x 60
2 = o e ati
FW2 = VW2 =

RH2 = 100 5imo ¢173 _

T4 = T2

V9 = V3

DW1 + DW2

5 + 0.23T2

DWd = 0.77

PW4 = PHTO(DW4)

PW4
VW4 = m (VH4 + VC4)

V4 = VH4 + VC4 + VW4

Comments

Complete cathode air inlet def.

Complete definition of H2 inlet

Calculate remaining module parameters

Complete definition of cathode air outlet

Refined H, dew peint correlation

Complete definition of anode gas outlet
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Table 2 - continued

Program Line
Symbol Numbers

6040

6050

6060

6070

6080

6090

6100

6110

6120

6130

6140

6150

6160

DescriEtion

V4SL =

VC45L

VH4SL

FC4 =

FH4

FW4

F4 = F

CHWRTO

HCVRTO

P5 =P

DP56 = (V5)° €562 + V5 (C561)

P6 =P

TS =

V4 (U4)

VC4 (U4)

VH4 (U4)

CTRANS

VH4 17

VW4 03

C4 + FH4 + Fwd

FC4/FH4

VHR/VC4

7

5-DP56

2.016 x 60

18.01 x 60

{(VSA)T6A + (V5-V5A)TS
V5

IF VI < 62 THEN PWRCTR = 2.8V +:

153.8

IF 62 < V1 < 65 THEN PWRCTB

40VI -

IF 65 < V1 < 70 THEN PWRCTB

-34VZ

2150

+ 2660

Calculate

Calculate

Calculate

Calculate

Comments

cooling
cooling

cooling

cathode

air pressure drop
air outlet pressure

air out temperature

air blower power
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Table 2 - continued

Program Line
Numbers

6200

6210

6220

6240-6250

6260
6270

6280

6290
- 6300
6310
6330

6340

6350

6360
6370

6380

Description Comments
_ PWRCTB (U3)
T = T2+ <o
V1l = V2 —1 Define stream after cathode blower
P11 = P8 —

IF V5-VSMIN < 0.001(VSMIN) THEN Check if cooling blower is off
PWRCLB = 0, DP1213=C12132(V5)
AND BRANCH

DP1213 = C12132 (VSMIN)Z

R {278 | 0.05)/1.3

1.869 DP78

R = TR[O‘128 * 0'102(1.869)) Calculate cooling blower power

PWH = 410 - 0.00396 (V5-368)°2

PWL = 410 - 0.00178 (V5 - 306)°

PWRCLE = TR (PWH) + (1-TR) (PWL) |

P12 = P8 + DP1213 ~

T12 = T6 + Bﬂég%gég%l

T13 = T12 Define cooling blower exit stream
Vi2 = V5

P13 = P8

V13 = V§

UL SWANSAS A1y



¥Z-2

Table 2 - continued

Program Line

Symbol Numbers
| 6390
l 6400
| 6410
| 6420
| 6430
| 6440
| 6450
I
6460
| 6470
| 6480
1 6490
jiI::;ﬂf 6500
i:ffi] 6510
.
L 6520
- 6530
e

Description

VB = V10 + V2 + V5

VW8

V(8

PC8

VN8

PN8

V038

PW8

DW8

T8 =

i

VW7 + VW2 - VW1

VC7 - VC4

VC8
Ve

VN7

VN8
VE]

Vo7

VW8
V8

DEWT (PW8)
T11(V11) + TI13(Vi3) ,

P8

P8

- %(VH3 - VH4)

P8

V8

T7(V10) +(POWER
V8

RH8 =

100 x PW8
= PHIO (18)

)

CPA

IF (KBASE = 3) RETURN
V7(T7 + 460) 760

AV7 =

AVl

AV2

P7

530

V1 (AV7/V7)

V2(T2 + 460)

P2

x 1.434

Comments

Calculate plenum exit conditions
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Table 2 - continued

Program Line

Symbol Numbers
T 6540
.
6550
] l 6560
6570
P
! 6580
S
6590
fm | 6600
o
' J 6610
T 6620
L_.‘ s .
| g 6630
—— ‘
1 6640
t:——""——' 8
§ § 6650
——
LF‘ ' 6690
"ﬂni_J 6700
T 6710
T 6720
T R
| 6730

DescriBtion
V11(T11l + 460)

aviy = YL (1.434)
AV = Vg(Tgpg 460)  (1.434)
avs = LU 2 360) (1 44
ava - VACTA + 460) 1
73
AVS = V5 AV7/V7
ave = YO(I6 * 460) 434y
3
V6A = VSA
Aves = YSACTOA + 460) () 4,
aviz = V1222 290)  (1.43a)
AV13 = v13(g%§ * 460) (1.434)
aviopx = YIRLCT* 360) (1 434
s - Y88+ 460) ) 4o,
8 T JEN—
—

PWRTOT = PWRPC + PWREC +
PWRCLB + PWRCTB + PWRDAU

HTTOT = HEATLD + U3(PWRTOT +
POWER)

PWRWGT = PWPEN(PWRTOT)
HTWGT = HTPEN(HTTOT)

H20WGT = H20PEN(WPROD)

Comments

Calculate actual stream flow rates

Calculate equivalent weight penalty
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Table 2 - continued

Program Line

Symbol Numbers
6740
| 6750
/ 7 6770-7510
’ B 7520
e SE——

92-3

Description l
OXWGT OXPEN(OCON)

EQWGT = PWRWGT + HTWGT + HEOWGT
+ QXWGT + HRDWGT

1F (KBASE = 4) RETURN
WRITE OUT ALL OUTPUTS

RETURN

Comments

UL SHIISAS 21y




Program Line

Symbol Numbers
\_ : i 7550
7560-7570
D
7580
—T1 . .
a 7590
o
v
7600
( o 7610

TABLE 3 WATER VAPOR PRESSURE FUNCTION

DescriEtion
FUNCTION PHTO(TF)

TC=(TF-32} 1.8

X = 374.11 - TC

A+BX+CX

3

X
PHTO=10 EE~TCF X

RETURN

1+DX

)

Comments
The input parameter is the Fahrenheit
dew point temperature. The output para-
meter is PH,0, in millimeters of mercury.
Initialize constants A-G.

Calculate Centigrade dew point temperature.

Calculate the temperature span from the dew
point to the critical temperature.

Calculate water vapor pressure

VH[ SHAISAS 1Y



Symbol

87-0

Program Line
Numbers

7640

7650

7660

7670
7680

4890

7700

TABLE & DEW POINT TEMPERATURE FUNCTION

DescriEtion

FUNCTION DEWT (P)

EXTERNAL ROOT, PHTO
X=ALOG (P)

TA=-2.4 + 20.25X + 1.522X°
TB=TA + 0.1 _

DEWT=ROOT (TA, TB, PHTO, P, 0. 005,
0.005, 5)

RETURN

Comments

The input parameter P is the water vapor
pressure in millimeters of mercury. The
output parameter DEWT is the Fahrenheit
dew point temperature

Functions ROOT and PHTO are used by
function DEWT

Calculate two trial values for the dew
point temperature

Function ROOT will call function PHTO start-
ing with dew points equal to TA and TB until
the water vapor pressure is equal to P with
temperature and vapor pressure tolerances of
point 005 but not exceeding five trials.
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TABLE 5 TRANSFER INDEX FUNCTION

Program Line

Symbol Numbers

L S 7730

Comments

DescriEtion

FUNCTION TICOR{PC,AF,CD,DEL) Input parameters are CO, partial pressure
in millimeters of mercury, cathode air flow
in Cfm/cell, current density in Amp/th,
and module temperature - inlet cathode

air dew point temperature. The output

parameter is TICOR in Lb COZ/Lb 02.

7740-7810 Initialize the correlation parameters in
array S.
7820 P=AMIN1(PC, 10) pCO2 should not exceed 10.
AE . (1+0.84p) 0-84P - o
[ 7830 PA=P( (—Zzﬂ : PA is the effective inlet pCO, corrected for
a ) : nonbaseline cathode air flow.
] - '
S L_ ! 7840 J=g2-— 1 Calculate the J index which corresponds to
: current density.
7850 IF(J < 1)J=1 For current densities less than 10 ASF, extra-
polate from 15 and 10 ASF,
5 .
7860 TIl= I Si.PA1 Calculate TI at the current density just below
i=1 4J the actual current density.
7870 If (J < 7) BRANCH ] Current density should not exceed 40 ASF,
7880 TICOR = TI1 |
7900 J=J+1 ] Calculate TI at the current density just above
the actual current density
5
7910 TI2 = © S, PA
i=1 M _ -
7920 AlI=J -] Interpolate between the two current densities.

-continued-
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Table 5

Szmbol

0€-2

- continued

Program Line
Numbers

7930

7940

7950

7960

DescriEtion Comments
TERP = QE- - AIT

TICOR=TIZXTERP+TI1(1-TERP)

TICOR =1 TCOR(1+0.03536(DEL-18.33) )Correct TI for moisture conditions.

RETURN
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Program Line
Symbol ‘ Numbers

b 7990

!

%
| | 8000-8010
| l 8020

§030

SN 8040
R
—

8050

8060

8070

8080

8050-8100

8110-8130

8140

TABLE 6 ROOT FUNCTION

DescriEtion Comments

FUNCTION ROOT(X1,X2,YFCN,W,XTOL, Input parameters are the first and second
YTOL, K} trial root values, the function to be.
called which returns the function of X, the
value of the function at the desired root,
X tolerance, Y tolerance, and maximum trials.
The output value, ROOT, is the value of X
when the function equals W.

Initialize common and external statements.

XA=X1 | :}Isolate X1 and X2.
XB=X2
FA=YCFN{XA} - W - Find the error values at XA and XB.
FB=YCEN (XB) -W
BEGIN LOOP
XN=F5LEE:EEﬂ9i Extrapolate from the previous two

FA-FB .

trial values.

FN=YFCN(XN) -W : Calculate the error at the next X value,
IF (|FN] < YTOL and |[XN-XB| < XTOL) BRANCH when the X and Y values are within
BRANCH ' tolerance,
IF(Kth TIME THRU LOOP) DUMP If the root has not been found within K trials,
VARIABLES § PRINT MESSAGE print a message.

"NONCONVERGENCE IN LOOP"

XA=XB ‘ Drop the oldest trial value and add the new
trial value.

-continued-
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Table 6 - continued

Program Line
Symbol Numbers

8150

8160

8170

8180

5260

8180

Ze-d

Description
XB=XN
FA=FB
FB=FN
i{F(<Kth TIME THRU LOQP)BRANCH

ROOT=XN

RETURN

Comments

The root of the function returned is the
latest trial value.
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Symbol

[

Program Line
Numbers

8220

B8230-8280

8290

8300

8310

8320

8330

8340

8350

TABLE 7 MODULE TEMPERATURE SUBROUTINE

Descrigtion

SUBROUTINE TDRIFT

ENTHPR=VI-CPA-T1+V3-CPH-T3

NTHPR+ .99 -HEATLD

B
TZHIGH="7"CpA+V3 . CPR

TZLOW:EHTHPR+V5A-CPA’TS+HEATLD

V1.CPA+V3.CPA+VSA -CPA

T2=T2HIGH

DUMMY=ERT (V5A/N) .

T2=ROOT (T2HIGH, TZLOW, ERT1,0,

RETURN

Comments

Subroutine TDRIFT calculates the module
temperature when the cooling air flow rate
is specified. All inputs are through com-
mon storage. All outputs except PZ are
also through common storage.

Initialize type, common, and external state-
ments.

Calculate enthalpy entering the modules in
the cathode air and inlet hydrogen streams.

Calculate maximum possible module tempera-
ture. This is the temperature the module
would rise to with no cooling air.

Calculate the minimum module temperature which
would occur with no heat transfer resistance.

Call subroutine ERT to determine values of
the heat transfer coefficient and the cooling
fin efficiency, neither of which depends upon
module temperature but only upon cooling air
flow rate which is constant when subroutine
TDRIFT is called.

Start with trial values T2HIGH and T2LOW and
use function ERT1 to find the module temper-
ature which yields a heat balance for the
specified cooling air flow rate.

DU ‘SHIISHS 1Y



TABLE 8 HEAT BALANCE FUNCTION WITH VARIABLE MODULE TEMPERATURE

Program Line

Symbol Numbers
: h 8380
M
8390-84 30
8440
| 8450
8460
5
I 8470
8480
— —
j 8490
f__ ) 8500

(:)t~m—<i - 810

+

DescriEtion

FUNCTION ERT1(T)

]

E=0.729 - 0.221nl + 0.008I +
0.005(T-78)

HEATLD=N-I-(1.25-E).3.419  __

DHA=V1 (CPA) (T-T1) ;
DHH=V3 (CPH) (T-T3) |
DHC=HEATLD~-DHA~DHH B
T6A=TS +
VSA{CPA)
HC - BTA.

DTREQ=DHC ((.370 + 3,g7bwr.ﬁwﬂj

IF(T6A < T)BRANCH

Comments

The input parameter is the module tempera-
ture. The output parameter, ERT1, is the
difference between the available module
cooling air temperature drop and the re-
quired module cooling air temperature drop.

Initialize type, common statements.

Calculate wmodule voltage and heat load at the
given temperature.

Calculate the enthalphy change for the
cathode air process hydrogen and cooling
air flow, respectively, at the given module
temperature,

Calculate the outlet cooling air temperature
from the inlet cooling air temperature and
the enthalpy increase.

The required module cooling air temperature
difference depends upon the cooling air en-
thalpy change x the resistance in the fin
roots + the gas film resistance.

If the cooling air temperature at the exit is
less than the module temperature, then the
log mean temperature difference can be cal-
culated,

-continued-
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Table 8§

- continued

Program Line

Symbol Numbers
, | 8520
| ,

('__é—q“fi 8530
— 8540
i

_—
] 8550

P ‘

4 ) 8560

S€-D

DescriEtion

ERT1 = -DTREQ

RETURN
_ TBA-TS
T-T6A

ERT1 = DTAVA-DTREQ

RETURN

Comments

If it is not, then assume that the available
temperature difference is zero and the error
is equal to the required temperature dif-
ference,

The available temperature drop is the log
mean of the module cocling air temperature
difference at the inlet and the outlet of
the cooling air passages.

UYL ‘SWISAS 21y
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TABLE 9 HEAT BALANCE FUNCTION WITH VARIABLE COOLING AIR FLOW RATE

Program Line

Symbol Numbers
( ) 8590
8600-8640
——
8650
T——r‘—‘
8660
i 8670
8680
' 8690
8700
8710
—
8720

(]

Descrigtion
FUNCTION ERT(V)

IF (V

1A

IF (1 <V <2

1)HC=

ps

0.34V + 0.42V

If (2.9883 < V < 4}HC=2V

IF (4 < V)HC=2.639016V"5

ETA=1

IF (0.32194 < ¥ 6 §4.72)ETA=
1.0644 - 01135V

IF (24.72 S V)ETA=2.486V75

TOA=TS +

DHC

V(CPAN

1.97V0‘3333

9883)HC=1.21

+

Comments

The input parameter is the cooling air flow
rate, Cfm/cell. The output parameter ERT

is the difference between the available and
required module-cooling air temperature dif-
ferences. Inputs taken from common storage
include the inlet cooling air and cathode

air temperature, the cooling air heat load,
the cooling air specific heat, the number of
active cells, and the module temperature.
Outputs through common storage include the
heat transfer coefficient, the fin efficiency,
the outlet cooling air temperature, the
available temperature difference, and the re-
quired temperature difference.

Calculate the heat transfer coefficient.

Calculate the fin efficiency.

-continued-
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Table 9 - continued

Symbol

Program Line
Numbers

8730

8740

8750

8760

8770

8780

8790

DescriEtion

DTREQ=EC (0.576 + 2810

IF (T6A < T2) BRANCH

ERT = -DTREQ
RETURN
_ T6A-TS
DTAVA = TS
TZ2-T6A

ERT=DTAVA-DTREQ

RETURN

Comments

Calculate the required temperature dif-
ference from the cooling air heat load,
resistance in the fins, and resistance in
the stagnant air film.

Branch and calculate the log mean temperature
difference only if the outlet cooling air

temperature is less than the module temperature.

- There is no available temperature difference.

The error ERT is minus the required temper-
ature difference,

Log mean module cooling air temperature dif-
ference.

W[ SMIISAS 21y



Program Line
Numbers

8820

8830

8840

8840

8850

8860

8870

TABLE 10 RANGE TEST SUBROUTINE

Descrigtion

SUBROUTINE T(VARNAM, VAR, BOT,
TOP, 1)

COMMON TIOUT

IF (BOT < VAR < TOP) BRANCH

RETURN
WRITE, VARNAM, VAR, BOT, TOP
I=1+1

RETURN

Comments

Subroutine input parameters are the vari-
able, value, the lower and upper limits,
and the out-of-range counter., The sub-
routine simply prints a message conzaining
the first four parameters when the variable
is out-of-range.

The message is printed on output device IOQUT.

The subroutine ends immediately if the
variable is in range.
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TABLE 11 MODE B CURRENT AND CATHODE AIR FLOW SUBROUTINE

Program Line
Numbers

8910

8920-8940

8550

8960
8970
8980
8990
9000
9010
9020
9030
9040

9050

V1 = BK(11) - PCO + BK(12) |

DescriEtion

SUBROUTINE BMODE

e—

I = BK(1)

IF (PCO ¢ BK(2)) BRANCH
I = BK(4)

IF (PCO > BK(3)) BRANCH
I = BK(9) - PCO + BK(10)
V1 = BK(5) 7
IF (PCO < BK(6)) BRANCH
V1 = BK(8)

IF (PCO > BK(7)) BRANCH

RETURN

Comments

Subroutine BMODE takes the cabin pCO
and calculates the current and the cathode

air flow based on BK, the Mode B parameters.

Initialize type and common statements.

Calculate current,

Calculate cathode air flow.

L SWANSAS 1Y
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TABLE 12 CYCLIC PROGRAM LISTING

100854V . :

116C #u% CYCLIC PROGHAM #%#% (S-6 MATH MODEL ###

120C ‘ : ‘

1308T0Y 84

1408HD4 :

150 LOGICAL QFIE«QFQUTsQCO2G1LsQSUBS+UPRINT

160 4BAL HaI»UBADI150)»COENIZ200)HEG {150 1+A0( 1501+ £ABI150 ) +AVGI1D0)
170 INYEGER INDEX(150),TMAXL(200)

180 COMMONIOQUTsCPASCPHsNs V32 15+ T3+T1,BHI121),

1204 P0PSAs POOPSAs T0s VOLUME» PBYPS A T79 V7

200&DUT s PAPEA» 199 VOS5 Ly DUOs PWPEN s HIPEN» H20FEN » OXPEN s HFLAG»
21058009 T V1 HEATLD s DHG » DHA» DHH - DTHECs DTAVA S B

2205 HCyBIAs T2y VDA YGAS DEL Y1 s VOMSLa V7M1 s VOMT N Vs

ZODEDUKIS) o YA YR+ YCs SLOPECsCOZGEN s ‘

ZEQEVETNPs V10, COR34y DP34s P39 PEPS A CORGE» DTPO3+ PO POPSAY
250LDF73sP7 o PPPEAYDP12+P1 s P2+ CURDER S DELT1EsPC1, 11y

ZE0SOCOK s CLHANS 2 HCOH s WPHOD s VCA 5 PUGe Pitde VHSy VHAS Pl

2P05VEL o VES VWPROD s V22 PODs PO7 s PNL» VN1 VOL1» VG,

2B05V02s VE2s V22 PW2» W2, DDP1 » DDP2y DPUDAY s DELTIP T2y

2O0ENC7 s ViTs VOPH» Y NPy HH? 9 FCLle Fl s PH3» FH3» EMODy
SNOLPOWERsTEsPC2o FL2 o FUiZ2o HHZ2 9 Dl 4o Piids Viidy ¥4y

BLOAYAET V045 s VHASL+FCA s FHA ¢ Bilids F42 CHWE Y Q2 HCVRU Qs DP DG,
S20&8P6sT6»PURCTIB+T11+sDP1213+ PWRCLBP12s 1129 T8y VB,
SB0EVCRsPCBy VHS, PHB, VOB Pl DBy T8y RAS» AVLy

S340%AV2s AV3 9 AVASAVO Y AVE s AVBA AV 7y AVEL AVO, AVI0EX,

380SAVILSAVIZ s AVI3 s PHRTOT»HEYOT s PHAKCT s HTWG To H200G L » OAWGT 9 BOWGT
360 EQUIVALENCE(AQ(L1)sBCO}

370 DATA IOQUTSNSTEPS+{ TMAX(ME s CGENIMN )4 MN=14211/1+21y
3808405930309 4205441189 435y 4706 450y +3295y. 465+ 45637 480s YOGS
SO0&7 05 « 7402 T200 6079y 780, D295y 84045687y Q00 666Te 102047452y
4005103046667y 1140545295, 1200, .5087s 12904 «6471s 132046070
4108155504 5295 138090 .4706» 13955.4118» 1440+.3530/

420 DATA HEAD/

4350&" PCO",»™ I"." Vi "HEATLD"." DHC" s

4408 DHA", ™ DHH" " DIHREQ™s™ DYAVA™,™ E"s

4508 ne",™ BETA™ ™ 2", VBAY," TEAM,

4608 DELY1™s" VOMBL™.™  V7M1™e™ VOMIK™," V5%,

47085 DUML™," _DUMZ%»*™  DUHS™s" DUM4" 4™ DUMB"»

AR05" YA" THB" " YC*" s SLOPEC™ +"CORGEN"

408" VEINP"™." V10"s™ COR34",* DP34™," P3%,

S00&E™ P3PSA"H™ CORD3™s"™  DPO3™,™ PO™ " POPSAY

510&" DP7a“,v Pevs™ PPPSAMS™ DP12%," P1%,

520&" P2" y"CURDEN" " DELT1E" " PC1¥,™ i Al

530&"  OCON"»“CTHANST™ ™ HCON™s® KPROD".“ V4™,

Ha0&" PyWGh e PU3" ™ VH3" " VH4"»™ - PW1"»

550&" Vigd®,» Y3+ “ViWPROD" 4" FH2® ¥ POG*™,

o608&" PO7"y™ PN1¥,"® TN1%,™ VO1%s™ Vel

57 paM Yo2". VC2™," y2u," PH2"," Du2",

580&"™ DPDP1™," DDP2"+"DPTIDAV" +“"DELT1P" " T2P*"s

590&™  VC7™»"  VW?*,™  VO?*,"  VN?"," RE?",

continued-
c-40 -
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900 1IF NOT.QFOUTIGOTOB

Table 12 . continued

600&™ FC1"s™ Ful®," PH3™» ™ FH3*s™ EMQD"s

G10&" POUER™"™ TE®:™ . PC2"." FC2%,"™ Fiz",

6208 RHZ™," Dhid",® Pydr," Via"," V4",

G302 VASL™s™ VC4S5L"™,* VH4SL"»™ FC4™s™  FH4"™,s

6404 Fird™"™ F4" 3 "CHWRTO"»"HCYATLO"+™ DPHE"»
- 6504 PG " TE" s "PWRCTRY T11"+“DP1213%,
C GO0ATPHHCLRY " P12%,* Tiz%,* V8", ywa",

Geos- VCA"," " PCB™,"™ VHB" " PNB" " VO8*,

SaOE" Pha" " Du8"," Ta"s" LHE"."® AY1®,

Bo0E™ AVZ2Y™ ™ AVZM, " Ayas,"® AVET ™ AVE",

TOOES  AVEA“™ ™ AVTR, " AVB" " AVO" s "AV1IOQEX™,

TLOL™  AVLL™»™ AVIZ™e™  AVI3Z™S“PWRTOT"»" HLLOYL"™,

PR0ETPHRHGTY ™ HTWGT®y"H20WET"™ OXUGTI™s"™ EQEGT™/

730C ’

74A0C DELERMINE I/0 DEVICES:

7o06

760 PRINYTS"FILE INPUT (T OR Fivgt#

el ﬁLADnQFIN

?an INP-50

740 IF(QFIN)}YINP=2

2300 IM{QFINICALL OPENF{Z!“MATHIN")

810 PRINT"FILE QUTPUT (T OR FIWyet#

820 HEADLQFOUT

B30 IF{ HOT.QFOUTIIOUT=66

840 GOL06

850 99 PRINTs* END OF INPUT DATA FILE*

HEQ CALL EXIT

8700

880C IF OQUTPUT IS TO FILE, OBTAIN FILE NAME:

890C

910 IF{.HOT.QFINIPRINT,"FILE FOR OUTPUL"s ¥
920 READ(INP,48,END=09}FNAME

930 48 FORMAT(1
940¢
a500
Gent
R on

OLIREL IS

4486)

FOASBIGH THE HAME

IF THE FILE NAME IS "SAME",KEEP FILE OPEN FOu MOHE
AND CLAOL

FoIHE FILX:

900 TF{FHAMECNE."SAMEY ICALL CLOSEF( 1y FUAME,7)

2900
1000C
1010C
1020
1030
1040
1050
1060
10700
1080¢
1090¢C

T NG

SERTTECTOUY
4 PORMAUC £7/427)
T« QFINJPRINT + *PROBLEM IDENfIFIEﬁ'“
AEADUINP 143 +END=09 M HDG{J ) »I=1,14)
IF(QFTNIGRITHITIOUT; 48 CHDG L I ) s J=1914)

54)

LEAD AND wRITY PROBLEM IDENTIFIER:.

C-41

QUTEUT

INPUT AND OUTPUT NFW COR2 GENERATION TABLE IF DESIRED:

continued-
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Table 12 - continued

1100 IF(.NOT.QFIK)PRINT»“NEW CO2 GENERATION TABLEIT OR F)*

1110 READ(INPs+END=991QCO2GT

1120 IF(QCO2G T IAEADI INPs »END= QQINBTEPby(TMAX(MN’.CGEN!HH),MH 1. BSTERS)
1130 IF(QCORCTYWRITE(TOUT; 100 NSTEPSs { TMAXIMN ) s CGENUMN ) » Mu=1,N5TEPS )
1140 100 FORMAT{ /* CO2 GENEXATION KATE TABLE:"/" NUMBER OF STEPS="+13//

11504"  ENDING coz2" /" TIME GENERATION™/" MINUTES LB/Hu"/
11604(F8.0+F11441)
11700

1160C  IAPUT FOU BASEs MODE B» NO. OF DAYSs SIZES OF TIME INTERVALS

1100¢  FOR INCEGRATION AND PRINITNG:

1200C

1210 IF{.HOL-QFIN)PRINT»“INPUT DATA™st#

1220 HEAD{INPssEND=03)POPSAsPCOsPOOPSAsT0s VOLUKEs PBPSAs 175 47y Dis 79 FAPEA S £95 VOLLy Dudy
1230&H, 1 s DELT1 9 V1 » P BEN s HUPEN s H2OPEN » OXPEN y KMODEs NFLAG» ¢ BK BN 1o MH=1+8) 2 DAYS» DLs DELTHL
12406 :

15500 DEUERNINE WHETHER BASE OUTPOT TS TO BE PKINLED AND

1260C  INPUT THE SUBSCRIPYS OF TAE DESIKED CYCLIC TABLE OULPUT ITEMU:

1270C

1240 TF( .3 00+CFINIPRINTs"ERINT BASE OUTPUL(Y OR F)%y1¥

1290 XEAD(INPs»END=0S)QPRINT

1300 FRALE=4

1310 IF{QPRINTIKBASE=5

1320 TF(.HOL.QFINIPRINT,»"HEw CYCLIC OULPUT SUBSCHIPIGIL i F)“sew

1330 READ(INP» HND=09)QSURS

1340 IE(QSUBS IKEAD( INPs»END=09)NDEKs (TNDEL(MH) s Mi=1, NLEX)

1350 IF(QFOUTIPRINL»*™ START PROBLEM™

13600 _

13700 CALC. SLOPES AND INUERCEPYS FOR MODE B CUKRENL MDD AIRFLOW CuiVis:

1330

1300 BX{O)=(RK(1)=BH{4}) /{BK{2)=BKIB)) .
1200 BK(10}=BK(1)-BK{9}*BK(2)

1410 RK(11}=(BE{5}=BK{8)) /L BKI6)=BE{ 7))

1420 BR(12)=BK(5)}-3K(11}#BK(G)

1430C ' ,

1440C  IF MODE B IS IN EVFECT, DETERMINE INITIAL VALUES OF I AND V1

1450C  BY CALLING SUBROUTINE “BHODE":

1460C

1470 TF{KMODE.EQ.1)1CALL BMODE

14800 '

1450C  IYPUT DATA PLAYRACK:

1500C '

1510 WaITE(IQUTS230)

1520 2E0WOHEMAT(Y #ddrdesesrst et THPTIT DAT A 305 et doitstde 20

1530 YRITECICUTS;1017)

1540 10L7FOHMAT(™ CABIN ATMOSPHERE:™)

1550 944 FOHMATIDXsAGG10.453(" 1 "»A6,G10.4))

1560 HATTROIOUT; 9441 POPSA™ s FOPSA s "FCO“s PCO» “FOOPSA" s FODEE AL " T0 "y TO“VOLUME" s ¥ OLUME
1570 UﬁITR(IOUT?lOS?! :

15830 2FORMAT{™ PROCESS AIR OUTLEL/INLET:™) .

1594 HJITE(IOUT.944?“P8PSA":P8PSAv"T7 T TPeMVT e Ny MDUT™ S DUT

C-42 " continued-
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Table 12 - continued

1600 WRITE(IOQUT:1031)

1610 1031FORMAT(™ HZ2 OUILET/INLEI:")

1620 WRITE(TOUT$944 )" P4PSA™,,PAPSA, "I ® TGy "VGSL®s VOSLy " DN O™ s Dk
1630 - WHITE(IQUT$1020)

1640 1020F0AMATI(™ MODULES:™)

1650 GRITELIOUT;944)%N *"sHs"I *sI,"DELI1",DELT1,"V1 "+V1

1660 WRITE(TOUT:1021)

1670 1021FORMAT("™ PENALYY WEIGHT FACYORS:")

1680 WiITE(10UTs 944 1" PWPEN" s PWPEN» "H'IPEN" s HIPEN»"H2OPEN" s H20F EN s -

16202 OXPEN" « OXTEN

1700 aITE(IQUL1022)

1710 1022 FORMAT(®™ CONTHOL:*™)

1720 GRITE(IOUT; 944 1 "KMODE"  EMODEy "NFLAG" + NFLAG

17308y " THIN® 3 BK(1)s"PCIMIN" s BK(2)s"PCIMAX®yBK( 3} 9" IMAX" s BK{ &),
1?40’"VfIN"rBK(5)'"PCVMIN"sBKf5la"PCVMAX"vBK(?!r"VHAK”vBK(B!
17508, DAYS® 9 DAYS " DT s DL “DPRINT™+ DPRIRT

1760 WHIVE(IQUL 4)

1770 WRITEB(IOUT: 2201

P70 920 FORMAT(S ##3d3uiait R ESD] T Sttt n i sm )

1730C

1800C CHECK INPUY¥S:
1810C -

1820 I.4=0

1830 CALLTI™POPSA "sPOPSA2135.7915.7511)
1840 CALLT("PCO®+PCOs+000191045IR)

1850 CALLI{®POOPSA" +POOPSA»ZerderIN)
1860 CALLT("™T0 "s%0+44++804,IR)

1870 CALLT{"VOLUME®™+VOLUME+100.5100000.,IR)
1880 CALLT("P8PSA ™»PBPSA»13479154791R)
1890 CALLT("1? *yL7144.+80.9IR)

1900 CALLT("V? “3V7+0.+600.+IR)
1910 CALLT("™Du? *yDE7e41.970+01R)
1920 CALLT{"P4PSA ",P4P5A»14+8,21.2+1R)
1930 CALLT("T9 "y T0s654 2759 1IR)
1940 CALLT(“VOSL *“»VISLs0.s18.91k)
1950 CALLTI"™DWO "y DWDs10es 759 IR}
1960 CALLT("N “3Ns00+9496es IR}
1970 CALLI("I Ps1s2.44,9.764 1)
1980 CALLT("DELI1 “,DELT1,10.+25.+IR)
1990 GALLT("V1 "y V15,9768 1R)
2000 CALLT("™PWPEN "+PWPENsOes29IR}

2010 CALLT("HTPEN “+HIPENs+Q+»2¢+1IR1)"
2020 CALLT{™H20PEN" H20FEN+0+s500.511)
2030 CALLT{"OXPEN *» OXPENY O-nEODOocIRl
2040 FLAG=NFLAG
2050 CALLT(“NFLAG “+FLAGs0esl-sIR)

2060 AMODE=KMODE
2070 CALLT("EMODE. “rAMODE-O.yl-’IR)
2080 CALLT(*IMIN"»BE(17+2.44,9.76.1R)
2090 CALLT(*PCIMIN®sBK(2)s-0001+104,IR)

C<43
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Table 12 - continued

Flow
21t0
56 et
2150
2140
Sied
21
2170
215G
2100
22000
2100

22200

22350 CALL BASEIXMODE.KBASEs1,KERROR)
IF(FERROHE«0 «QRe DAYSEQeD. MIOTO1

2240
2250¢
22600
22700
2240
2200
2300
2310
2520
2350
2340
. 2350
2360
2570
2380
2590
2400
2410
2420
24500
24400
24500
2460
2470
2480
2450
2500
2510
2520
2530
254.0
25500
256006
25700
2580

CALLT{™FCIMAX" sBK(3)++0001+10.s14)
CALLI("IMAX" ¢BE(4)42.44453.7641R)

CALLaA™viIh™ e KIS eDe s 76 Ix)

CALLTO"POVHIE® 3 BRIG) s « DOUL 109 IR
CATLU(PCVEAX s BK(7 )9 o 1001910491 1)

CALLC™VUAR® s BHLR ) sy Doy ey IR
CATLTU DAYS™ s DAY 2 0e s 1004 TR
CALLEO"DT "eDTelaslbayIH)

CALLY{ DERINT" s DPATNT 91491000414}

TEITHGTDIGOTOL

PRINY FULL BASE PROGHAM QULPUT IF DESIHED:

INITIALIZE CONSTANTS:

B p=DT

HOAY=0
MINCYC=UMAXINSTEPS)
HDAYS=DAYYH
BERING=DPATNT

US=(T0+460+ )#386. 7257650 « /{ 530+ % VOLUME*60 4744401 }

MAXDEX=0

DO 110 MN=1.NDEX

IN=THDEX(MHN}

HDGIME)=HEAD{IN)

110 -IF(INGT-HAXDEX IMAXDEX=TN
¥BASE=1
IF(MALDEL G 1«52 )KBASE=2
IFEMAXDEX +G 1 «78)KBASE=3
TFIHAXDEX«GT+122)EBASE=¢

START A WEW CYCLE {DAY):
PHRONCONTINUE
QPHINT=.THUE.
NI=0 .
D0 725 MN=1,NDEX

TREAVGIMN 1=0.
NDAY=NDAY+1
FCOI=PCO
IGEN=1
CO2GEN=CGEN{1)

PRINE CICLIC TABLE HEADINGS:

IF(QFOUTIPRINT s NDAY

2590 WHITE{IOUT:120)NDAYs {HDG{MN)»MN=1,NDEX)

C-44
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Table 12 - continued

2600 120FORMAT( ///7/% #HRSESE4NE4EDAYT, T3, ""‘*'*"‘“li’

2610 HRITE(IOUTS121)

2620 121FORMAT] /% A5 et st i b4 3 53 3PN I 3 )

2630 WAITE(IOQUT313510,0

2640 CALL BASE{KMODE+KBASE+1KFRROR)
2650 TF(KERKOR.KE.0)GO0TO1

26600

26700 BRINT A LINE IN THE TABLE:
2680C

2690 7H00GCONTINUE

2700 IF{«NOY.QPRINTIGOTOB000

2710 DO 130 MN=1,8DEX

2720 IN=THUDEL(MN)

2730 130 TAB(MN)I=AO{IN)

2740 WRITE(IOUT; 140){ TABIMN) sMN=1,NDEX)
2750 140FORMAT(7(G11.4))

2760C

2770C START A NEW CYCLE AT THE END OF THE CUHRENT CYCLE
27300 UNTESS EITHER STEADY STATE HAS BEEN REACHED
27300 OR MAXIMUM NUMBER OF CYCLEL HAS BEEN REACHED

2800C ‘

22310 B000CONTINUE

2820 IF(NT.LT.MINCYCIGOTIO8100

2830 DO 726MN=1,KDEX

2840 V2CAVG(MNI=AVG (MN)*DT/MIKCYC

© 2850 WRITE(IQUT 122)

2860 122F0RMAL(™ AVEHRAGES:")

2870 WHITE(ICUTI140}(AVG(MN1sMN=1,NDEX}

TIME“/(T(5X,A6) )]

2880 IFIHDAY«GE.NDAYS .OR. ABS{(PCO-PCOI)/PCO}. LE.«ODD5!GOT01

2800 ¢OTO?A00
2900C

2910¢C INCREMENT TIME AND UPDATE CO2 GENERATIOR HATE

29200

2930 8100CONTINUE

2040 NI=NT+NDT

2950 QPRINT=MOD(NTsNPRINT)+EQe0

2960 TF(NT.GT.TMAX( ICEN))IGEN=IGEN+1
2970 GO0 EN=CGEN(IGEN)

2080C

2090C WRITE THE TIME:

3000C o

3010 IF(.NOI.QPRINTIGOTOB200

- 3020 NARS=NT /60

3030 NMIN=NT-NHRS#60 ,

3040 §RITE(IOUT5135 INHKS,NMIN

3050 135FORMAT(1X,12,":",12)

3060C -
3070C UPDATE CABIN CO2 PARTIAL PRESSURE
3080C

3090 8200 CONTINUE

C-45-.

continued-~
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3100 XA=PCO _
3110 SLOPEA=US*(C02G EN~CTRANS)

3120 SLOPE=SLOPEA

3130 PCN=PCO+SLOPE*DT

3140 YA=XA=-PCN

3150 XB=PCHN

3160 PCO=PCN

170 GALL BASE{KMODE+0s0QsKERROR)

3180 IF(KERROR.NE.{)G0TO1

3190 SLOPEB=US*(C02GEN-CTRANS)

3200 SLOPE=.5%( SLOPEA+SLOPER)

3210 PCH=XA+SLOPE®DT

3220 YB=XB-PCH

3230 PCO={ YA*XB=-YR*XA)/{ YA-YB)

3240 ¥PRINT=0

3250 IF(QPRINTIKPRINT=1

32600 '

3270C  CALL BASE TO CALC. SYSTEM PARAMETERS AT NEW CABIN PCO2
3280¢

3290 CALL BASE(KMODE»KBASE,KPRINT+KERROR)

3300 IF{XERROR.NE.0Q)GOTOL

3310 DO 728MN=1,NDEX

3320 IN=INDEX(MN)

3330 72BAVG ( MN)=AVG { MN I+AQCIN)

3340C CHECK ACCURACY OF INTEGRATION:

33500

3360 SLOPEC=US*( 026 EN=-CTRANS)

3370 SLOPE=.5%( SLOPEA+SLOPEC)

3380 PCH=X{A+SLOPE#DT '

3390 YC=PCO-PCN

3400C  YC 1S THE INACCURACY IN PCO

3410 GOTO?900

3420 END

34300

3440 SUBROUTINE BASE{KMODEsKBASEsKPRINT»KEREOR )

3450C

3460C #i# 0S-6 MATH MODEL BASE PROGRAM

34706

3480 HEALHNSI

3490 COMMONIOUYsCPAsCPHs Ny V3015, T35 T1sBKI12)
3500&POPSAyPOOPSA+TOs VOLUME » PAPSA s T7+ V7 .
35108047 yPAPSA»TO9VOSYLs D9 PUPEN s HTPEN » H2OPEN s OXPEN y HFLAG »
3520&PC0s T9 V1o HEATLD s DHC » DHA » DHH » DTREQs DTAVA» E»

3530LHC s ETA»T2s V5A» TEA» DELTL s VOMSLy V7M1, VSMIN g V5
35408DUMI5 ) s YA s YBs YC» SLOPEC » CO2GEN»

3550&VSINP» V109 COR34+DP34+ P35y PIPSA+CORDZ s DPO3s PO+ POPSA
3560&DP78+P7+P7PSAsDP12sP1 s P2, CURDEN) DELTIE, PC1,TI,
3570&0C ON+ CTRANS e HCONy WPROD» VG4 PUO 3PSy VHSs VA4 PW Ly
3580&VW1s Vi3, VWPRODs Y2 PODs POT9PN1, VN1, V01, VC1s

3590&Y 02+ V024 V24 PW24 D24 DDP1+DDP2s DEY DAY DELT1 P, 42P,

C-4c continued-
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3600&VC?+ YW 72 ¥ 0?7 s VN7 4 RH7 +FC1 o FW1,4 PH3+ FH3» EMOD+

SE10EP MER»TEsPC22FL22F25sRH2» Diids Pl 4s Vids V4

36204V45Ls VC4SL o VH4ASL s FC4s FH4 9 FiWdy F4 CHWRTO2HCVRTOs DP56,
36302P6» 163 PHRCTB T11sDP1213+ PHRCLBe P12, 1124 ¥8» V8
3640&VCB+PCByVNByPNB+ VOB PWBs DWB» TSy RASy AV L,

SB50&AVE s AVI 2 AV4A» AVE W AVE s AVEA AV7 4 AVS AVOs AT10EL »

- 3660&AV11,AV12sAV13,PWRTOT,HITOTs PWRWG T HTUGT» H20WG Ts OXWGT» EQUGT
3670 EXTERNAL PHTO+DEWTTICOR,ROOT» TDRIFTsERT1+ERT+BMODE

3680 DATA CPACPH/1.0765+1.0666/
3690&+UlsF2+U34104/51.7007+386.7,3.419,28.32/
3700&,C7824+C562+0561,012132/2.25E-5+1.303E-5+40101+8.6118E-4/
3710&+C5132,05131,Q4/B.742E~4+.0101,8.517E-4/

S720& s HRDWG T PWRPC » PWREC » PWRDAU /817 499 136494549 100. /

3730 KERROR=0

3740 IF(XMODE+KBASE.EQ.Q)G0L0 7700

. 3750 IF{XMCDE«EQ.1)CALL BMODE

37600

3770C CHECX FOR SUFFICIENT H2:

3780C ' :

3790 VOMSL=1.3#N#[#7 ,508E-3

3800 IF(YOSL.GE.VOMSLIGOT01213

3810 WRITE(IOUT;213)VIMSL

3820 213 FORMAT{* INSUFFICIENT H2.",G10.4,™ SLPM IS REQUIRED")
3830 KERROR=1

3840 RETURN

3850 1213 CONTINUE

3860C _

3870C CHECK CATHODE AIR CAPACITY:

3880C

3890 IF{V1.LE.70)GOT09001

3900 V1=70.

3910 WRITE(IOUT;S000)

3920 9000FORMAT(™ Vi HAS BEEN CHANGED TO 70 SCFMy BLOWER CAPACITY."}
3830 9001 CONTINUE

35400

3950C CALC. COOLING AIR FLOW WITH COOLING BLOWERS OFF:
- 3960¢

3970 VPM1=Vy?-V1

3580 QB=(5131+2.#C782#V7M1

3990 QC=C782#V7M1#42

4000 V5MIN—I-QB+SQRTIQB*QB+4.#0A*0CI)/lz.*QA)

4010C

4020C CALC« COOLING AIR HEAT LOADs ETC. FOR INPUT MODULE TEMP:
4030C

4040 DWi=Du7

4050 T2=DW1+DELT1

4060 TZ2INP=T2

4070 -729-.22*ALOG(Il+-008*1+.005*lT2-78 )

4080 HEATLD=N#I#({1.25~E}*U3

4090 T1=T7

continued-
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4100 T3=19
4110 V3=VOSI, /U4

4120 T5=T1

4130 DHA=V1#CPA®(T2-T1)

4140 DHA=V3#CPH*{ T2-T3)

4150 DHC=HEATLD-DHA=-DHH

4160C

4170C  CHECX NEED FOR COOLING:

4180C

4190 IF{DHC.GT.0)E 070808

42000 ‘ -
4210C  CALC. NEY MODULE TEMP IF COOLING RLOWERS ARE OFF:
42200 '

4230 A88 CONTINUE

4240 Y5=V5MIN .

4250 VHA=N¥{SUIN /96

4260 CALL TDXIFT

4270 DROP=T2INP-TR

4280 IF{DROP<LE:3. )G OI0766

4290 IF{KPRINT.EQ.0)COTO?E6

4300 WRITE(IOUT;460)1DROPy T2INPs T2

4310 460 FORMAT(™ COOLING BLOWERS AKRE OFF."/* MODULE TEMPERATURE FALLS®,
43208F6+42+"F BELOW THE DEbIRED",Fb 2)%F T0"sF6.25"Fe")

AZ3D G OT 766

43400

4350C  CHECK THAY MODULE TEMP IS HIGH ENOUGH TO TRANSFER AEAT
4360C AT LEAST TO COOLING FIN BOOLS:

43700

4380 898 CONTINUE

4390 IF{T2-T5.GE«+376%DHC /N )G OTO765

4400C

4410C  CALC. NEW MODULE TEMP IF COOLING RLOWERS ARE ON FULL:
4420C :

4430 886 CONTINUE

4440 V5=440. ,

4450 VB5A=V5%N /96,

4460 CALL 1DRIFT

4470 RISE=T2-T2INP

4480 IF(RISE.LE.3)G0T0766

4490 IF(KPRINT.EQ.0)GOTO766

4500 WAITE(IOUT;479)RISEsTRINP 42

4510 479 FORMAT(*" COOLING BLOWERS ARE ON FULL."/* MODULE TEMPERATUKE RISES®,
45202F6+29"F ABOVE THE DESIRED®sF6e2s"F T0™sF6229%Fu™)

4530 G OTR66

4540C

4550C  CALC. COOLING AIR FLOW FOR INPUT MODULE TEMPERATURE:
4560¢

4570 765 CONTINUE

4580 VA=1.01%DHC /( CPA®N*{[2-T5})

4590 VB=2.#yA

continued-
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© 4600 ySA=NTROOT{ YA ¥ By ERT e 009005, .001,20)

4610 V5=06.*¥BA /K

4620 V5INF=YH

46300

46408C  ARF COOLINWY BLOGEKS OUT OF HANGE:

AERQL :

AGE0 TFIVS.LI.VBMINIGOT088R

A670 IF(V5e3T.440.)% 0T 0ARG

AGHNE

4690 HODOLY, HEAT BALANCE Iy MAINLAINED wWITH COOLING BLOWkHS IN HANGE:
a700C

4710 766 CONTINUE

4720 V10=v7=V1-¥5

47300 ‘

47400  CHECY EBLERUNM RYPASS FLOW®

 4750C

4760 TF{ V10T E~+05%v7 15 0T0244

4770 TVU¥PRTUTSEQ.0YT0U0244

4780 wAITEIOUTS 242)

4790 G ATTE(TQUT; 9441 V10", V10

47300 ZAZFOAMAT(™ INSUFFICIENT INLET PROCESS AIx IC ™.
40P ERKVENT BACKMIXING YHROUGH PLENUM BYEFASL.™)
4920 ¥ EHROits2

ARAN RETURN

48400

43500  CALC. STHEAM PARAMELERS REQUIEED FOu MOISTURE BALASCE CHECKS:

- 48600

4870 244 CONTINUE

4830 IF(KBASE.EQ.01G0QTO7107

41300 COR34=(14.1/P4PSA 4,8

4900 Pa=p4PSA*(]]1

4910 V35L=VOSL

4920 DF34=.3822%00R34#V3SL,

A930 1FEVBETL 0T 22 1DEZ4=0OR34%{ 8. 3183+.4187%( {35L-21 .5R01)1%¥1.75)
4940 PR=pPA+DEZ4 : ‘
4050 PEPSA=P3 /U1

4960 CORUS=(1441 /P3PSAIH#.82

4970 DEOB=COCROB¥10.64*V3SL .

4080 TFIVEST 0T «B+2)DPO3=COHOB*I 35a1 4% Y300 -108. 204 4 747H=6857% V551 )
4990 PO=P3+DPO3 o :
5000 pParsA=Fa/Ul

3010 DE?H=C7R2%V10%¥10

5020 FO=PRPSA%YL

BOR0 PP =FR+DP7H

B0A0 PPPEA=E? /UL . :

5050 DP12=V1%{ +001903%V1+.04877)

85060 P1=P7? ‘ ,

5070 P2=pPl=~DP12

5090 7107CULDEN=] /. 244

5000 DELT1E=12-DW1

o continued-
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2100 7700 CONTINUE

5110 PCl=PCO*P7PSA/FOPSA

5120 YI=YIGOH{PC1sV1/96++CURDEN,DELTIE)
5130 OCON=6+5803E-4%N#*1

£140 CTHEANS=TI*QOCON

5150 IF{KBASE.LE.1)1RETURN

D160 HCON=0CON#2.016 /16,

5170 WEROD=0C ON+HCON

5180 VC4=CTRANS#UZ/(44.01%60.)

5130 PUO=FHIM DKS)

5200 PY3=P3*PWO /PO

5210 VH3=V3*({1.-FW3/P3)

5220 VH4=VA3-HCON®UZ/{2.016%#60.)

5230C TRIAL VALUE OF H2+C02 OUTLET WATER VAPOR PHRESSUKES:
5240 PU4=PHIO(T2=8.)

5250 V¥w4=Py4*(VC4+VH4) /{P4-Plid)

5260 MW1=Dk7

5270 PUI=PHIOIDW1)

5280 Vil=V1%Pdl/P1

5290 YW3=V3-VH3

5300 VWPROD=WPROD*U2/(18.01%60.)

5310 VU2=VWl+VE3-Vi4+VWPROD

5320 POO=POOPSA*U1

5330 PO?=PO0*PYPSA/POPSA

5340 POL1=PO7

5350 PN1=F1-PO1-P¥1-PC1l

5360 VN1=V1#*PN1i /Pl

5370 VO1=V1i#POol /P1

5380 VC1=Vi#PC1/P1

5390 VYN2=VNl

5400 V2=V O0l-0CON*¥UR /{32 %G0. )

5410 VC2=VC1-VC4

5420 Ve=V0O24+VN2+VW24+VC2

5430 Pu2=VWz2#pPz/V2

5440 DWZ=DEWT{PW2)

5450C

54600 CHECK MODULE MOISTUHRE BALANCE:
5470C

5480 DDP1=T1-DW1

5490 DDP2=T2-Dkz

5500 IF(ABSIDDP1-11425)eLE+1+75 +AND+ABS{DDE2~11.25).LE«1.75)1G002030
5510 IF(DDP1.LT.4.)G0701210

5520 IF(DDP1.GT.14.)60T01210

5530 IF(DDP2.LT.7.1G0TD1211

5540 IF(DDP2+GT+19.1G0T01211

5550 DPLDAV=.5#( DDP1+DDP2)

5360 IF(ABS(DPTDAV-11.)4LE+1-5 +ANDe (DDP2.GE+13. «OR. DPTDAV.GE«10.)}GO0T030
8570 IF{KPRINT.EQ.1)WRITE(IOUT;654)
5580 G54FORMAT{* AVERAGE CATHODE AIR DEWPOINT DEPRESSION OUT OF RANGE.*)
5590 28 IF(KPRINT.EQ.1)WRITE(IOUT:543)

continued-
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3600
5610
5620
hE30
5640
5650
‘HEED
bue70
5680
LalsioN]
2EGGE
L710C
57200
o730
5740
5754
S0
5770
5780
5760
5800
HA10
5820
8630
5440
3950
5360
HR70
5880
5890
2s00
h910
5820
5030
5040
5350
5960
5g70
5980
3390
6000
6010
6020
6030
6040
6050
6060
6070
6080
6020

B43FORMAT(™ ELECTROLYTE MOISTURE BALANCE IS NOT MAINTAINED.™)

IF(NFLAG - EQ.0 )G 0T030
KERR Olt=3
RETURN

1210 TF(KPRINT.EQ-1)WRITEIIQUT;432)

452FORMAT(™ INLET CATHODE AIK DEWPQINL DEPHESSION OUT OF RANGE.™)

01028

1211 IF(XPRINT.EQ.1IHRITE(TIQUT ;321 )

SZIFORMAT(™ OQUILET CATHODE AIR DEWPOINT DEPRESSION OQUT OF HANGE.")

G 0r028

COMPLETE ALL STRXAM DEFIHNITIONS:

30 CONLINJE
I¥(KRASE.EQ.2)HETULY
DELT1P=22 4 =T14Dd2
Y2F=Dy1+DELT1P
PU?=Pu1

PR7=EN1

PO7=PC1

VC7=BC7*V? /P7

VW7 =piTVT /BT

P 7=F 01

§ OP=P Q7R /P7

VN7 =PN7RVT /D7
AH7=100+%Py? /PHTOL 7 )
FC1=V01%44.01%60. /U2
Fil1=Vii1%18.01%60. /U2
RH1=RH7

PH3=P3-PU3
FEI=VHG#2.016%60. /U2
EMOD=164%E’

P OWER=N*
TE=TI/.0275
PC2=YC2#PR/V2
FC2=FC1-C TRANS

L 2=VW2#18401%60 /U2
RH2=100 *PW2/PHIOI T2)
PA=T2

Y=V
Difd=o77H{DHI4DE2) /2. + 2572
PH4=PRTOIDW 4) .
Vi 4Pl 4 YH4+VC4 ) /{ P4~Plid}
VA=VHA+VC4+VE4
VASL=V4*J4
VC4ASL=V0aR(4
VH45L=VH4%04
FCA=CTRANS
FH4=VH4%2.016%60« /U2

Fid=Vi4*18.01%60./02

C=31

continued-
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6100
6110
6120
6130
65140
6150
6160
6170
5180
6190
6200
6210
6220
6230
5240
52580
6260
6270
6280
6290
6300
6310
8320
6330
6340
6350
6360
6370
8380

6390 V8=

6400
6410
6420
6430
6440
6450
- 6460
6470
6480
6490
6500
6510
6520
6530
65410
6550
6560
6570
6580
-8590

Table 12 - continued

F4=FC4+FH4+F¥ 4

CHWRIO=FC4/FH4

HCVRT O=VH4/VC4

PH=P"

DPS6=V5#{ Y5#CH6240561 )
P6=P5-DP36

TE=( VEA*TEAH VD=YHAVHTE) /YD
IF(V1.LE-62. JPWRCTB=2.8%¥1+153.8

IFIV14GTa62+ oANDe V1eLE+65+)PWRCTB=40.%V1=-2150.

IF(V1+GT+65¢ }1PWRCTB==34+%V14+2660.
T11=T24+PWRCTB*U3/{ V1#CPA)
V11=V2

P11=p8

PWRCLB=0,

DP1213=C12132%V6#V5
IF(V5.LT+1.01#VEMINIGOTO14
DP1213=C12132*VOMIN*VEMIN
TR={ DP7B/1.869+.05) /1.3
TR=TR#*#( 4 128+.102#DP78/1.869)
PiH=410+=+00396%( V5=368 ) #42
PWL=410.=.00178%{ V5-306. } #*2
PYRCLB=TR#PUH+{ 1.~TR)*PHL
14CONTINUE

P12=P8+DP1213
T12=T6+PWRCLB*U3 /( VS=CPA)
T13=T12

Viz=VH

P13=P8

¥i3=V5

V10+V2+V5

VwB=Vu7+VW2-V¥Wl

VCB8=V(7-VCa

PCa=VCa*pa/vs

YNB=VN7?

PNB=VNB*PB /Y8

V0B=V07=.5#{ VE3~VH4)
PYB=P8*YWB/V8

DWB=DEWI(PWB)

T8=( T11#V11+T13%V13+T7#V10+POWER*U3/CPA) /V8
RHB=100.¥*PW8 /PHTO{ TR} ‘
IF(KBASE.EQ.3)RETURN

AV?=U7#( T74+4604 } #1434 /P7
AVI=VI®AVT /N7

AV2=V2#{ T2+460. 1*1-434/P2
AV11=V11#{ T11+460. )¥#1.434 /P11
AVO=VO#{ TO+460. ) #1.434 /PG
AVI=V3IR[T3+460. 1#1.434/P3

"AV4=V42( T44+460. 1“1-434/P4

AVS=V5®*AV? /77 .
AVE=V54({ TE+460. 1 *1 . 434 /P6

continued-
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6600 VBA=Y54 . '

6610 AVOGA=VEAN{ T5A+460. )#1 .434/PE

6620 AV12=V12%{ T12+460.)%1.434/P12

6630 AV13=V13#{ T13+460. )#1.434/P13

6640 AVIDEX=V10%#{ T7+460+1%1.434/P8

6650 AVB=VB*(18+460. )] .434 /P8

B660C '

6670C  EQUIVALENT WEIGHT CALCULATIONS:

6680C

6600 PURLOT=PWUPC+PW¥REC+PWRCLB+PY RCTB+PWRDAU

6700 HITOT=HEATLD+U3%({ PsRTOT+POYER)

6710 PWRYG T=PWPEN#PWRTOT

6720 HIUGT=HTPEN#HTTOL

6730 HR20/G T=H2OPEN*WPROD

6740 CXWET=0XPEN®*0CON

6750 EQUG T=PWRWG T+HTWG T+H20WG T+OXWE T+HRDWG T

6760 IF({KBASE.EC.4)RELURN

&770C

6780C

6790C  MAJOR OUTPUT SATEMENTS

6800C '

6810 WRITE(IOUT;456)DELT1P»T2PyDW1yDELT1P

6820 456 FORMAT{™ 'PREFERRED VALUE OF DELT1 IS%,F6.2y
6830&" UNDER THESE CONDITIORS®/® S0 THAT":F6.24
6340&4" = T2 = DW1 + DELTL ="sF6e2+" +"9F6.2"")
6250C ' '

6860 Q44FORMATISX2A65G10.43(" 1 “,46,610.4))
6370C

6880 WRITE(IOUT:1020)

6890 1020 FORMAT(* MODULES:™)

6900 WRITE(IOUT;944)*TI “»TIs"TE "sTE»“E “,»E,*EMOD"»EMOD,s
6910&" CTRANS™ » CTRANS s * OCON* » OCONs *HCON* y HCONs "WPROD™ s WPROD)
6920&*CURDEN" + CURDEN s *"HEATL D™+ HEATL Dy *POWER"™ » POWE
6930C ) :
6940 WRITE(IOUT;1014)

6950 1014FORMAL(*™ CATHODE AIR INLET:")

6960 WHITE{ IOUT;9441"P1 “sP14+"PC1"sPC1,

BO70EPY LM s P L o FC1" e FCL o "Fl1" o FW1 o™ VC1" s VC1o ™ VW1™» V¥1,
69308 V01" s VOL»"VNL1"y VN1, ™ {1 *»T1,"Dk1"»DWLs"KH1"»RH1
6990C ' - :
7000 WRITE(IOUT;1024)

7010 1024FORMAT(*™ CATHODE AIR OUTLET:%)

7020 WRITE(IOUT; 944 )%P2 “2P2,"DP12" +DF12,%*PC2%»PC2,
POZOLPH2" s PH2e"T2 "9 V2, "VC2* s VC2y"VUR" s VU2,

70408 V02 s VORs “VN2" 9y VN2 "FC2" 2 FC2+ " FU2" s FWR2+ "T2 "y T2+ “DW2" s DU 2+ “RH2" » RH2

FOB0&s " P11+ P11s" V11", V11,9 T11%, T11
70604

7070 WAITELIOTTI 10100

7080 1010FORMAYL(™ PHROCESS AIR ISLET:™)

7050 WRITE(IOUT$9441“P7V”vPTo“PWT“-PU7"PH7"PN79'VCT"oVG?!'VH?“:VH?:‘VOT“:VO?u

C-53
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7100&*VE?* s VN7 » D7 » DW7 » "RE7™ » RH?
7110C

7120 WRITE(IOUT;1015)

7130 1015FORMAT(* PROCESS AIR OUTLET:™)

7140 WRITE(IOUT$9441%P8 *4PB+"PCB"yPCB+*V10™ s V10+"DF78"+ DP78,

7150&"V8 "y VBy "VWB" s VWS “VCB"+ VLB, "V0OB" 1 VOB "PWB™ s PUB» " T8 *4 T8y
7160&*DM8" , D¥ 8, *RES™ 4 RHS

7170C

7180 WRITE(IOUT31019)

7190 1019FCRMAT{™ H2 INLET:™)

7200 GRITE(IOUTSO044)"P9 “,PG,"PHO™»PW 3y “DPO3™y DPOZ+“P3 *,P3

T2L0& s "PW 3" s PUS s ®PH3* s PHZ+"V3 *s V3 "VH3" s VHI s " VW3"» VW34 " FH3", FH3» “VOMSL" s VOMSL
72200 :

7230 WRITE(IOUT;1013)

7240 1013FORMAT(* H2 OUTLET:")

7250 WRITE(IOQUT3944)"P4 ™4P4,*DP34" s DP34s"PH4" s PN4s"V4 "5 V4, " V(4" V(4
72608 VHA™ s VHA ¢ "V 4™ s VW4 ™ V4SL™ » V4SLy "VC4SL", VC4ASL s * VHASL™, VH4SL s "F& ", F4,
7270&'F04"-FC&.”FH&“-FH&y'FWé“.FH4-“Dw4'.DH4;“CHWRTO";CHURTO-“HCVRTO";HCVRTO
7280C

7290 WRITE(IOUT31023)

7300 1023FORMAT(™ HEAT BALANCEs MODULES:™)

7310 WRITE{ 10UT$944 }*HEATLD" yHEATLD+™DHA" » DHA» *DHH™ + DHH+ “DHC* » DHC
73200

7330 WRITE(IOUT;1012)

7340 1012FORMAT({"™ COOLING AIR:™)

7350 WRITE(IQUT;944)%“F5 “4PB5,"DP56* s DP56+"P6 "+ F6

7360&s"V5 "3V¥5,7T5 "y T5:"T6 "+ T6»"HC *+HC+»"ETA*»ETA
?370&s"VSA™ s VEA + *TEA" + TEA
7380&s"P12%3P12,"V12%4 V12, T12%, T12s"DP1213% s DP1213s " VSHIN" s TSMIN
7390C

7400 WRITE(IOUT;1041)

7410 1041FORMAT(" ACTUAL VOLUMETRIC FLOK RATES:"™)

7420 WRITE(IOUT;044 )" AVI™ s AV 1+ ™AV2" s AV2» " AV3", AV3, "AVA" s AV44 "AVS"+ A V5,
T430&"AVE™ s AVE o " AVEA" s AVEA» "AV7" s AV7» " AVB*, AVS " AVO™, AV,
7440&“AV10EX',AVIOEI-“Lvll“.AV11:'AYIZ';AVIEv“AVlS'.AVlS

74500

7460 WRITE(IOUT;1016)

7470 1016FCAMAT(™ EQUIVALENT WEIGHT:™)

7480 URITE(IOUT,944l'PHBCLB'-PHRGLB;“PHRCTB“oPWBcTBs'PWRPC',PHRPC:
74908 PUREC™ + PWREC »* PWRDAU™ s P¥RDAU » *PWRTOT” s PWRTOT» "HTTOT* »HTTOT »
T500&" PWRWGT™ + PWRUG T o “HTWG T+ HTWG T "H2OWNGT* s H2OWG T+ *OXWGTY» OXWGT»
7510&"HRDAGT* yHRDWG T » "EQWG T* s EQWG T

7520 RETURN

7530 END

7540C

7550 FUNCTIONPHTO(TF)

7560 DATA AsBsCsDsEEsF G /32437814, . 00586826»1.1702379E-8,

7570& »00218768462150 219603273164 2.3025851/

7580 TCx(TF-32.)/1.8

7590 I=374.11-T¢
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7600
7610
TE20

Table 12 - continued

PHTO=EXP(G#(EE~(X/{ TCH+F 1 ) #{ A+BHX+CHIHHZ) /{1.04D%X ) } )
HETURN ' ,
END

THIOC

70340
7050
760
?B70
7640
7690
00
7710
7200
P30
7740
P50

FUNCTION DEWT(P)

EXTERNAL ROOT+PHTO

XX=ALOG{ P}

TA==Z 4420 25%K X 41 H22# (242
IB=TA+.1

DEWT=RO0T( TAyTBs PHTOs P2+ 00540054 5)
HETURK

EED

FUNCTION TICOK!PCsAF+CDsDEL)
REAT, S(597 1 o
DATA S5/1+75187 9=+ 511449, . 0775073, ~. 00592584, . 000179962,

77602 1.42306s-+2719355.02101879-.00034839s ~1 .B8475E~5,

PR 0L
AN

1.081905=<1108214+-.00814084 .00196359, -3.5832E-5
+3026Bs=+ 105068+ « 0025161+ . 00026944 -1 .3673E~5

TTA0LE 715515~ 072213+ 40024207+ 9. 08E-6+ ~3.48E-7,

78008

G162+ =2 055237+« 0003803+ . 00028605y =1 « HE23E~5s

7810& .52087,-+035109s-20014939, «00035115s~1.4808E~5/

7820
7830
7840
7850
7860
7870
7880
7890
73900
7910
7920
7930
7940
7950
7960
7970
7980C
7950
8000
8010
8020
8030
8040
8050
8060
8070
8080
8090

P=AMIN1{PC»104)

FA=P#(AF /o 44)#5[ ( LBA#P4], JHELP( =.B4%P) )

J=CD/5e=1.,

IF(J«LTe1 ) I=1 .
TI1=PA¥{S{1sJ1+PARIS{ 29 14+PAR( S{ 39 J 4PA*( S( 49 J14PA¥SI5,J 1)) 1)
IFJLF71G0 T0 8

TICOR=TI1

o109

8 J=J+1

TI2=PA*(S{ 1T )+PARI ST 20 J1+PAR( SI By J 14PA*( S 49 J14+PARS(5,T11)))
AII=J

TERP=CD/5.-A11

TICOR=TI2#TERP+TI1%! 1+~TERF)

9 TICOR=TICOR#*{1.+.03536%( DEL-18+33)}

RETURN

END

FUNCTIION ROOT(X1,X2,YFCNsW»XTOLLYTOLYK)
COMMON TOQUT

EXTERNAL YFCN

Xa=X1

XB=X2

PA=YFCNI(XA)-W
FB=YFCH(XB}-¥

D0 981 IROOGI=1+K

ROOT={ FA*YB~-FB¥XA)/(FA-FR)
FN=YFCH(ROOT)-¥
IF(ABS(FN).LT.YTOL +AED.
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Table 12 - continued

8100&ABS(ROOF~XB)«LT.XTOL )AETURN

8110 IF(IROOTGE.KIWRITE(TIOUT$200}X1+X2+WeXTOL»YTOLs IROOT»
8120& XAsXByROOT»FAsFByFN

8130 200 FORMAT{ * NONCONVERGENCE IN ROOT®,5G114,I3/7G11 +4)
8140 XA=XB

8150 XB=ROOT

8160 FA=FB

8170 FB=FN

8180 91 CONTINUE

8190 RETURN

8200 END

8210¢

8220 SUBROUTINE TDRIFT

8230 REAL N»I

8240 COMMONIOUTsCPA+CPHNsV32T5:T3,T1sBK(12 1,

- B250&BLANEK( 16 ) s HBLANK
8260&PCOsTsV1sHEATLDs DHC» DHA y DHH» DTREQs DTAVA» Es
B270&HC » ETA» T2 V5A » T6A
8280 EXTERNAL ERT,RO0TsERT1
8290 ENTHPR=V1#CPA#T1+V3#CPH*T3
8300 T2HIGH={ ENTHPR++99*HEATLD )/ V1#CPA+VE#CPH)
8310 T2LOW=( ENTHPR+VBA*CPA#TS+HEATLD ) /( V1#CPA+V3*CPH+VSARCPA )
8320 T2=T2HIGH
8330 DUMMY=ERT( VSA /N)

8340 T2=ROOT{ T2HIGHs T2LOWsERTL s s+0050 005, 20)
8350 RETURN - '

8360 END

8370C

8380 FUNCTION ERT1(T)

8300 RFAL N»l

8400 COMMONTIOUTsCPA+CPHsNsV3sT5sT3sT1sBK(12)s
8410&BLANK( 16} s NBLANK»
8420&PC0»TsV1+HEATLD» DHEC » DHA s DHH » DTREQy DTAVA» E»
8430&HC s ETA» T2 V5A+ TEA.

8440 Ese720~.22%AT0G( T }4+008%I+.005%( =78, )
8450 HEATLD=N#I#{1.25-E)1¥3.419

8460 DHA=V1#CPA®(T-T1)

8470 DHH=V3#CPH#{ T-T3)

8480 DHC=HEATLD-DHA~DHH

8490 TEA=T5+DHC/( VSA*CPA) - :

8500 DTREQ=DHC*( .376+43.876/( HCHETA )1 /N

8510 IF(T6ALT.TIZOTO 1086

8520 ERT1=-DTREQ

8530 RETURN

8540 1086 DTAVA={ T6A-T5)/ALOG( ( T-T5}/( T-T6A))
8550 ERT1=DTAVA-DTREQ '
8560 RETURY

8570 END

8580C

8590 FUNCTIOR ERT(V)
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Table 12 - continued

B600 REAL Nl

8610

COMMONIOUT +CPAsCPRs N9 V3915, T3, T1+BK(12),

86204BLANK( 16} NBLANK,
8630&PC0s1+V1sHEATLD»DHC » DHAs DHH+» DTREQs DTAVAE,
BE40EHC s ETA+ T2+ VHA»TEA

2650
36640
RG70
8680
8690
8700
8710
2220
8Y30
8740
8750
8760
8770
87810
8790
8800

8810C

8820
2830
8840
8850
8860
8870
8880
88390

89000

8910
8920
2930

TF(V.LE+1e JHC=1 .97 ¥y #4( ,3333)

IF(VeGTele +ANDe VoLT22.98831HC=1.21+V# c34+.42%V} -
IF{IV+GE+2.9883 «ANDe VeLEo4s JHC=24#¥

IFIVeGT 4. IHC=2.630016%V#%{ .8}

EYA=1.

IF(VeGT+ 32194 «AND. VeLT424+72)1ETA=1.0644~.1135%¥5QRT( V)
IFIV.GE.24.72)ETA=2.486 /5QRT(V}
TOA=T5+DHC A V#CPA*N)

DIREQ=DHC*{ +376+3.876/{ HCHETA ) } /N

IFITBA.LT.T2)60 T0 86

FRT=-DTREQ

RETURN

86 DTAVA=(I6A-TS1/ALOG((T2-TD) /{ E2~T6A )
ERT=DTAVA~-DTREQ

RETURY

ERD

SUBROUTINET( VARNAMy VARa BOT» TOP»I)
COMMON TIoUT
IF(VAR+GE+BOT+AND+.VAR.LE.TOP }RETURN
WRITE(TIOUT? 10 }VARNAM VAR BOT» TOP

I=I+1 :

RETURN

10FORMAT(1X»A6»*="4G10+4+* RANGE: "+2610.4)
END o

SUBROUTINE BMODE
REAL NI
COMMONIOUTsCPA+CPHsNs V35 T5, T3, T14BE(12),

B0404BLANK{16) o NBLANKsPCO»I+V1

8950
8960
8970
8980
8990
2000
9010
2020
8030
040
Q050
060

I=BX(1)
IF{PCOLE«BE(21)GOTOLO
I=BK(4)
IF{PCO.GE.BK{3)IGOTOL0
I=BX(9)¥PCO+BEK(10)

10 V1=BK(5)
IF¥{PCO.LE.BK{6))RETURN
V1=BK(8)
IF(PCO.GE.BK(7) }RETURN
V1=BK(11)¥PCO+BK{12)
RETURN

END
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CONDITION:

MESSAGE:

CONDITION:

MESSAGE:

CONDITION:

MESSAGE:

CONDITION:

MESSAGE :

CONDITION:

MESSAGE:

CONDITION:

MESSAGE:

CONDITION:

MESSAGE:

CONDITION:

MESSAGE:

CONDITION:

MESSAGE:

TABLE 13 CHECKS AND MESSAGES

An input variable is out of the prediction range.

VARIABLE = XX.XX ~RANGE: XX.XX XX. XX
Less than 1.3 times stoichiometric amount of H2 is

supplied.

INSUFFICIENT HYDROGEN. XXX.XX SLPM IS REQUIRED.

Cathode air blowers cannot supply the requested flow
rate. Program sets the flow equal to blower capacity.

V1 HAS BEEN CHANGED TO 70 SCFM, BLOWER CAPACITY.

Not enough heat is generated in the modules to attain
the setpoint module temperature.

COOLING BLOWERS ARE OFF. MODULE TEMPERATURE FALLS
X.XXF BELOW THE DESIRED XX.XXF TO XX.XXF.

Process streams and cooling air cannot remove enough
heat to maintain the setpoint module temperature.

COOLING BLOWERS ARE ON FULL. MODULE TEMPERATURE RISES
X.XXF ABOVE THE DESIRED XX.XXF TO XX.XXF.

Normal heat balance is attained.

DESIRED MODULE TEMPERATURE IS MAINTAINED WITH COOLING
BLOWERS AT PARTIAL CAPACITY.

Process air flow does not exceed cathode air plus cooling
air flow by at least 5%.

INSUFFICIENT PROCESS AIR TO PREVENT BACKMIXING THROUGH
PLENUM BYPASS.

Inlet process air meisture conditions are out of tolerance
and will not support steady state cell operation.

INLET PROCESS AIR DEW POINT DEPRESSION OUT OF RANGE.
ELECTROLYTE MOISTURE BALANCE IS NOT MAINTAINED.

Outlet process air moisture conditions are out of tolerance
and will not support steady state cell operation.

OUTLET PROCESS AIR DEW POINT DEPRESSION OUT OF RANGE.
ELECTROLYTE MOISTURE BALANCE IS NOT MAINTAINED.

continued-
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Table 13 - continued

10.  CONDITION: Average of inlet and outlet process air moisture condition
is out of tolerance and will not support steady state cell
operation.

MESSAGE: AVERAGE PROCESS AIR DEW POINT DEPRESSION QUT OF RANGE.

ELECTROLYTE MOISTURE BALANCE IS NOT MAINTAINED.

11. CONDITION: Convergence subroutine (ROOT) did not approach a solution
within the specified number of iterations.

MESSAGE: NONCONVERGENCE IN ROOT (PRINT ROOT PARAMETERS)
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TABLE 14 NOMENCLATURE AND UNITS

Composite Variable Names

e

First Prefix

oo
z-u'-n§<

Z

Second Prefix

— ELZ OO0

{None

Stream Number

o A
W oS BN U BN

[
NS

Units Suffix {None)
PSA
PSG
SL

Additional Variable Names

A,B,C,D,EE,F,G
All,J

CD

CHWRTO

(Partial) Pressure, mn Hg

Volume Flow Rate, Scfm 70F, 760 mm Hg

Volume Flow Rate, Cfm
Mass Flow Rate, Lb/Hr
Pressure Drop

Dew Point, F
Temperature, F
Relative Humidity, %

Carbon Dioxide (C02)
Oxygen (0,)
Nitrogen %Nz)

Hydrogen (H

2)

Water (H,0)
Total StY¥eam

Cabin Atmosphere

Cathode
Cathode

Air Modules Inlet
Air Modules Outlet

H2 Modules Inlet
H. Modules Outlet

Cooling
Cooling
Cooling
Cooling
Process
Process

Air Inlet

Air Inlet, Active Cells
Air Outlet

Air COutlet, Active Cells
Air Inlet

Air OQutlet

H, System Inlet
PIenum Bypass

Cathode
Cooling
Cooling

Blowers Qutlet
Blowers Outlet
Dampers Outlet

Units of First Prefix

Psia
Psig
Slpm

Constants in pH,0 Dew Point Equation

Indices
Current

COZ/H2 Weight Ratio, Lb COZ/Lb H2

Determifie S Constants
Density
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Table 14 - continued
CJKN Coefficient in Pressure Drop Equation

J = Inlet Stream Subscript

K = Qutlet Stream Subscript

N = Degree of Term
COR34,COR93 4P Correction Factors for Absolute Pressure
CPA Volumetric Specific Heat, Air, Btu/Hr-Scfm-F
CPH Volumetric Specific Heat, H2’ Btu/Hr-Scfm-F
CTRANS C0,, Transferred, Lb/HE
CURDEN Cufrent Density, A/Ft
DELT1 Input Control Variable = T2-DP1, F
DELT1P Preferred Value Control Variable = T2-DP1, F
DELIE Actual Control Variable = T2-DP1, F
DHA Enthalpy Gain of Inlet Process Air, Btu/Hr
DHC Enthalpy Gain of Cooling Air, Btu/Hr
DHH Enthalpy Gain of Inlet H,, Btu/Hr
DDP1,DDP2 Dew Point Depression, Streams 1 and 2
DPTDAV Process Air Dew Point Depression, Average, F
DROP,RISE T2- (DWI + DELT1), Absolute Value of Module

Temperature Offset
DTAVA Log Mean Available Temperature Drop, F
DTREQ Required Module - Cooling Air Temperature Drop, F
E Cell Voltage, Volt
EMCD Module (16 Cells) Voltage
EQWGT Total System Equation Weight
ERT,ERT1 Difference Between DTREQ and DTAVA
ESTACK Stack Voltage, Volt
ETA Cooling Fin Efficiency, Dimensionless, 0-1
FA,FB,FN Dependent Values Corresponding to XA,XB,XN
FNAME Variable Equal to Output File Name
HC Cooling Fan Heat Transfer Coefficient,

Btu/Hr-Ft~-F
HCON H2 Consumption, Lb/Hr
HCVRTO H-/CO, Volume Ratio, Scfm H,/Scfm CO2
HEATLD Net Heat Produced, Btu/Hr
HTPEN Heat Rejection Penalty, Lb/Btu/Hr
HTTOT Total Heat Rejection
HTWGT Heat Rejection Penalty Weight
H20PEN H,0 Vapor Rejection Penalty, Lb/Lb/Hr
HZ0WGT HZO Rejection Penalty Weight
I Current, Amp
INP Input Device Code: 2=File, 50=Terminal
I0UT OQutput Device Code: 1=File, 66=Terminal
MATHIN Name of Input Data File .
N Number of Cells in Circuit
NERROR Check Violation Indicator

0 -~ No Violation
1 - Viclation
continued-
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Table 14 - continued

NFLAG,FLAG
OCON
OXPEN
OXWGT
P

PA
POWER
PWPEN
PWRCLBE
PWRCTB
PWRDAU
PWREC
PWRPC
PWRTOT
PWRWGT

QA,QB,QC
S

TA,TB
TC,TF
TE
TERP
TI
TZINP
T2ZP
T11

T12

Ul

U2

U3

U4

v, TR
VA,VB
V5INP
VSMIN
V7ML
VOMSL
WPROD
X1,X2,XA,XB,XN

Program Option Integer = 0 or 1

0, Consumption, Lb/Hr

O2 Consumption Penalty, Lb/Lb/Hr

0. Consumption Penalty Weight

Ifilet pCO _

Inlet pCO., Corrected for Effect of Air Flow
Electrica% Power Produced, Watt

Power Penalty, Lb/Watt

Cooling Blower Power, Watt

Cathode Blower Power, Watt

Data Acquisition Unit Power, Watt

Emergency Controller Power, Watt

Primary Controller Power, Watt

Total Power, Watt

Power Penalty Weight

Coefficients of V5 in Quadratic Formula
Array containing Coefficients of PA in TI
Correlation

Trial Values of Dew Point, F

Dew Point, C, F, respectively

Current Efficiency, %
Current Density Interpolation Variable
Transfer Index, Lb C02/Lb 02

Set Point Value of T2
Preferred Value of T2
TI at one of the seven current densities

just below the desired current density

TI at one of the seven current densities

just above the desired current density
Conversion Factor, mm Hg/Psi

Conversion Factor, Scf/Lb Mol

Conversion Factor, Btu/%r-Watt

Conversion Factor, 1/Ft

Dummy and Interpolation Variables

Trial Values for V5

Cooling Flow for Set Point Module Temperature
Cooling Flow with Blowers Off

Plenum Inlet Flow less Cathode Air Flow
Minimum Flow of H, Required

Water Production, Lb/Hr

Trial Values of Independent Variable in
Subroutine Root

Additional Variables, Main Program Only

AP
AVG
BK
CGEN

Qutput Variable Array

Array Containing Average TAB Values

Mode B Parameters

Numeric Array, CO2 Generation Rates, Lb/Hr

continued-
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Table 14 - continued

HEAD

HDG
IGEN

INDEX

IR

KBASE

KERROR

KMODE
KPRINT,NPRINT,
DPRINT, QPRINT
MINCYC

NDAY

NDT, DT
NDAYS,DAYS
NDEX

NSTEPS

NT

QCO2GT

QFIN

QFOUT

QPRINT

QSUBS

SAME

SLOPE, SLOPEA,
SLOPEB, SLOPEC
TAB

TMAX

us

XA,YA,XB,YB,XC,YC

Alphabetic Constant Array, Containing Output
Variable Names

Array Containing Selected Values of HEAD

CO, Generation Step Subscript

Su%scripts of Selected Output Variables
Out-of-Range Input Variable Counter

Variable Indicating Range of BASE to be Executed
Non-Steady State Indicator

Mode Indicator, 0=Mode A, 1=Mode B

Output Indicators

Length of One Cycle, Min

Day Counter

Integration Increment, Min

Maximum Number of Days to be Simulated
Number of Selected Output Variables
Number of Steps in C02 Generation Table
Time, Min

New CO, Generation Table Indicator

File Input Indicator

File Output Indicator

Base Program Output Table Indicator
New Subscript Indicator

Dummy File Name to Prevent Closing Output File

pCO2 Rate of Change, mm Hg/Min
Array Containing Selected Values of A@
Ending Times for CO, Generation Rates, Min

2
Conversion Factor, mm Hg/Min
Lb/Hr

Successive Values of Cabin pCO2 Approximation
and Error
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AVl
AV10EX
AV11
AVlz
AV13
avz2
AVD
AVe
AVS
AV6E
AVGA
AV?
AVB
AYS
CHW¥RTO
CO02GEN
COR34
COR93
CTRANS
CURDEN
DDP1
DDP2
DELT1
DELTLE
DELT1P
DHA
DHC
DHH
DP12
DP1213
DP34
Dp56
D78
DP93
DPTDAY
DTAVA
DTREQ
DUM1
buMz2
DUMS
DUM4
DUMS
bWz
W4
Dwa

kE

EMOD
EQWGT
ETA

F4

130
140
141
142
143
131
132
133
134
135
136
137
138

139

108

115
34
110
41
38
78
2]
8
21
22
23
24

25

76
97
127
10
a0
150
12
107

FC1
Fe2
FC4
FH3
FH4
F¥1
FW2
T4
H2ONG T
HC
HCOF
HCVRTO
HEATLD -
HITOT
HIWGT
I

0CON
OXWGT
P1

P12

P2

P3
P3PSA
P6

P?
P7PSA
P9
POPSA
PCO
PC1
PC2
PCB
PR3
PN1
PN8
P00
PO?
POWER
W1
P2
PW3
PW4
PW8
PW9
PWRCLB
P¥RCTB
PWRTOT
PWRWGT
RE2

RH7

BG
94
104
89
108
87
95

106

148
11
53

109

4

145

- 147

2
51
149
45

- 117

46
35
36

111
42
43
39
40

1
49
93

122
a8
67

124
65
66
91
60
74
57
08

126
56

116

113

144

146
96
86
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RESB
SLOPEC
711
T12
Iz
I2P
16
I64
I8
TE

TI

Vi
yi0
y2

¥4
V45L
| L)
V54
Y5INP
Y5MIN
V7M1
va8
VOMSL
¥c1
Vcz2
VC4
VC4SL
¥Cc?
vca
VH3
VH4
VH4SL
YNl
L.
VNS
yol1
Vo2
vo7
Vo8,
¥l
N2
VN3
Vid
vu'?
V8
VWPROD
WPROD
YA

Y3

IC

TABLE 15" KEY TO SELECTIVE OUTPUT VARIABLES

129

29
114
118

13

80
112

15
128

92

50

3

&2

73
100
101

20

14

31

18

18
118

17

70

72

55
102

81
121

b8

59
103

68

84
123

69

71

83
125

61

64

62

99

82
120
- 63

54

26

.27

continued-
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Table 15 - continued

DO ~T0 U b A=

N DN DD kS b = a2 e e
NOOR AN OO LANPE D

2B
29
30
31
32
33
34
35
36
37
38
39
40
41
42
43

485
47
48
49
50

PCO

I

n
HEATLD
DHC
DHA
DHH
DTREQ
DTAVA
iy

RC
ETA
T2

V54
Tea
DELT1
VOMSL
V7M1
VOMIN
V3
DUM1
DUM2
DUM3
DUM4
DUNS
1A

YB

¥C
SLOPEC
CORGEN
VSINP
V10
COR34
DP34
P3
P3PSA
COl93
DPS3
P9
POPSA
Dp78
P7
P7PSA
Drie
Pl

P2
CURDEN
DELI1E
PCL

T

51
52
53
o4
55
56
5%
58
59
60
61
62
63
64
65
66
67
68
69
?0
71
72
73
T4
7S
76
&4
78
79
80
B1
82
83
84
a5
86
87
28
89
20
a1
9z
93
94
95
96

88
99
100

OCON
CTRANS
HCON
WPROD
¥Cca
PWo
PH3
VH3
VH4
PH1
Vil
VW3
VWPROD
Vw2
PoOO
PO
PH1
VN1
Vol
¥C1
vo2
vez
Ve
P2
DW2
DDP1
Dopz2
DPTDAY
DELT1P
2P
vee
Vw7
Vo7
VN7
RHY
FC1
Wl
P13
FH3
EMOD
POWER
TE
pcz
k2
Fiz
RHZ
D4
Fii4
Vi4
V4

101
102
103
104
105
106
107
i08
109
110
111
112
113
114
115
116
117
118
119
120
121
122
123
124
125
126
127
iz8
129
130
131
132
133
1354
135
136
137
138
139
140
141
142
145
144
145
146
147
148
149
150
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V451
VC4SL
VH4SL
FC4
FH4
Fii4

F4
CHWRTO
HOVRTO
DP56
P6

16
PWRCTB
T11
DP1213
PWRCLB
P12
712

V8

1 E!
vee
PC8
VN8
PNB
V08
PH8
W8

18

EHB
AV1
Av2
AV3
AVS
AVS
AV
AVEA
Av?
AVS
AY9
AV10EX
AVLL
AV12
AV13
PWRTOT
HTTOT
PHRWGT
HTWGY
H20WGT
0XWGT
EQWGT
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APPENDIX D CS-6 CABIN pCO2 SIMULATION PROGRAM SAMPLE OUTPUTS

TABLE PAGE
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#we## MODE B ZERO TO STEADY STATE
HERNDRTHBRTNPUT DATASHSSRAEIRE

CABIN ATMOSPHERE:

POPSA 14.76
VOLUME 8000.
PROCESS AXR CUYLET/INLET:
PRPSA 14.75

H2 OUILET/INLET:
Papsa 2000
MODJLES:

N 96.00
PENALTY WEIGHT FACTORS:
- PWPEN 5910

CONI®QL: .
XMODE 1.000
PCINAYK 2+000
POVHAX 2.000
DPRINT 60.00

'

T

TABLE 1

PCO  0.1000E-02
17 55.00
79 72400
I 24586
HTPEN 0.1280
NFLAG 1.000
IMAX 64600
VMAX 60400

BT A S R ESUL TS M- #0080 103

PREFERRED VALUE OF DELT1 1S 23.58 UNDER THESE CONDITIONS
S0 THAT 73.58 = T2 = DW1 + DELT1 = 50.00 + 23.58. '

MODULES:
11 0.8810E~-03
CTRANS0.1439E-03

CURDEN 10.60
CATHODE AIR INLET:
P1 763.6
Tt 0.6742
VN1 15.54
CATHODE ATR CUTLET:
P2 76140
V2 20.03
VN2 15.54
SN2 56.58
T11 104.0
PROCESS AIR INLET:
p? 7636
V7 3.197
RH? 83.20
PROCESS AIR OUTLET:
P8 P62+6
V8 2660
] 9.301

H
t
!

suin s sam sa A-‘

TE 0.3204E-01
OCON - 0.1634
HEATLD 6333
" PC1 . 0.1004E-02
VC1  0.2632E-04
T1 55.00
DP1i2 1.73%7
V02  (.5239E-05
FC2  0.3577E-04
RH2 51.11
PU? 9.212
Vor 55.88
PCB  0.5426E-03
Yus 3.264
8 6124

!

- e e

POOPSA

v?
VO5L
DELT1
H20PEN

IMIN
VMIN
DAYS

E
HCON
POWER

Pl
Vul
Dit

PC2
w2 -
w2
P11 .

PN7
VN7

Vio
vca
D8

OUTPUT EXAMPLES

PCO2 LIMITS 1 & 2 MMEG

3100

266.0
10.00
2200
134.0

24586

10.00

" 0.5038
0.20585~-01

12541

9.212
0.2413
50400

0.1992E-03
0.3083
0.8616
TE246

593.4
2059

215.7
0.3276E-03
50.52

%%

70 YO 00
¢ Du% 50.00
' Dug G0 00
t vl 20.00
' OXPER 1556
t PCIMIN 1.000
¢ PCVMIY 1.000
! DY 15.00
t  EMOD 8.061
! WFROD 0.1830
'

t  FC1 .1797E-03
! Vol 4.218
' RH1 A3.20
t Pu2 11.73
voYo2 4.185
v T2 T 04
t Vi1 20.03
' VC7  0.3487E-03
v DY 50.00
' - DP?8 1.047
1 Y08 55.85
! RHB 67.80

continued-



Life Systems, Jnc.

H2 INLEY: =~

Table 1 continued

P9 1157 ! PWo 18.15
PY3 16.26 ' PH3 1021.
Vi3 0.5537E-02 ' TFH3 0.1087
H2 OQUTLET:
P4 1034. ! DP34 2.890
V04  0.2108E-04 ¢ VH4 0.2818 !
V04A5L 0.5969E~03 ¢ VH4SL 7.980 ¥
FHA  0.8B814E-01 t Fiid  0.9264E-02
NCVATO0.15337E405 !
HEAT BALANCE, MODULES:
HEATLD 633.3 1 DHA 336.6 §
COOLTNG ATn:
£5 R63.6 t DPSE 0.3072 1
e 55.00 ¢ e E4.42 1.
P54 20.51 1 T6A 4e42
T12 G64.42 ' DP1213 07396
ACTUAT, VOLIUMETHIC FLOW RATES:
271 10,34 1 AV? 20.01 ¢
AVS 28.34 1 AVG 28.87 |
AVB 259.8 ! AV9 0.2328 !
V12 28.87 t  AV13Z 2B.00 ¥
EQUIVALENT WRIGHT:
FYRCLR 0.0000 ! PWHCIB 208.8 - !
P DAL 100.0 ¢  PURTOL 400.8 1
G 350.6 v H20uGi 24.65 1
RO 1734, !
**%%il‘%é*éﬁi—*#*]),\! 1 A4 38 3k 44 2230 4 1435 3¢
LIME
PCO I Vi 13

Q:

BRIt SRR LRl g

il

0.1000FK-02

1

{1
0.2788
0
0.5259

HY

Ge7451
0 .
0.3391

24586
Z.586
2586

2586

| 2.586

ARAE A A TR R IR SR S S SRR

20.00 0.88108-03

2000
20.00
20.00

20.00

0.2408
D.4545
(G.64380

0.8246

D-3

DP93 120.3 1
¥3 0.35631 ¢
VOMSL 2425 !
Pka 12.02 1
Vk4 D.33158-02 ¢
Fa , 0.9755E-01 ¢
D4 5%.28
DHH -e5140 ¥
Pe TGGeS
HC 1.527
Piz TES.3
VOMIN 23.31 1
AN3 0.2608
AVEA 28.87 !
AVI1OEX 208.9 !
FiiR¥C 136.0 !
HIT0% 27330. 1
OXUWGT 250.9 ¢
OC O CTHAKS
01634 0.1439E-03

0.18554

041634

0.1634

0e74208-01

Gel00G0

0.1347

b3
YH3

Va4

V45L

Fc4

DHC

V5
BTA
12

AV4
AV7

AVll

1037,
0.347¢E

0.2851
Be.074

0e1433E-05

PuisC
PuhnwGT
EEDVGT

EQuizT

17734

1734.

1754

1754

1734,

CHuRTOD«1635E~02

20742

2951
1.000
2951

02094
23643
21225

45.00
2001
3170

continued -



Life Systems, Jnc.

Table 1

5t 0
1.008

6: 0
1.196

7t 0
1.265

ar 0
1.444

S 0
1.659

10z 0
1.794

11: 0
1.886

1i2: O
1.922

13: O
1.823

14: 0
1.782

15: 0
1.822

16: ©
1.905

17: 0
1.963

18: 0
1.948

19: ¢
1.842

20 0
1.7395

21 0

1.817

22: 0
1.818
23 0
1.740
243 0
1.590
AVERAGES:
1.501

continued

2.979
3.373
3.6562
4.367
5.232
5.775
G.141
6+286
5.850
5.726
5.887
6.219
6e451
6.392
5.964
5777
5.867
H.869
5.556
4.955

4.910

23.82

27.84

30.62

37.75

46.36

51.78

55443

56.87

52.92

51.29

5289

56.20

58.51

5795

53.66

51.78

52.69

52.71

43.60

43.60

43.16

1.079

. 1.286

1.337

1.513

1.650

1.684

1.687
1.688
1.687
1.683
1.687
1.688
1.686
1.687
1.687
1.684
1.686
1.686
1.675
1.616

1.400

D-4

0.1882
0.2131
042307
042759
043305
0.3628
03879
0.3971

0.3721

0.3617

03719

0.3928

0.48575

0.4038

0.3768

03649

0.3706

0.3707

0.3510

0+3130

0.3102

0.2031

0.2633

0.3084

D.4174

05452

0+6145

0« 6546

0+6703
0.6275
0.6087
0. 6272
0.6G31
0.6872
06813
0.6357
0.6146
06250
0.6252
0.5880
05057

0.4724

1808.
1903.
1980,
2197,
2458,
2605,
2700,
2736
2635.
2592,
2634.
2719,
2777
2763,
2654.
2605.
2629,
2630
2547.
2380

- 2361,

continued -



- Life Systems, Jnc.

Table 1

- continued

REHHFANGHORADAY 2 HHEGAASEDEG

TIME

PCOo

I

V1

FEAEIE AT AT AR S A IR A I A SRR 4R SR S AR

10

11

12¢

153

1.571

1.568

1.380

4«023

3+991

4.419

4..587

D367

D+864

5.203

6329

5.920

G.229
6.+458

5.397

A7 17

ANVl

34.084

34.32

34.00

CB4.28

39.94

47.71

B24:66

56. 04

- H7.30

B3e22
H51.49
55403

56.30

. 58.58

57.08
53.70

51.82

TI

1-616
1.549
1.501
1,469
1.449
1.436
1.429

14435

1.6062

- 1.686

1.688
1.588
1.687
1.683
1.687
1.688
1.686
1.687
1-687

1.584

D=5

OC ON

0+3130
0.2875
0.2722
0.2630
0.2574
0.26541

0.2521

0.2539

b.2828

(te G0

0.3'704

0.3218
0.3098
05740
03630
0.3728
0.39355
0.4079
0.4041
0.3770

0.36b1

CTRANS

D.50567

1.4453

[}« 40436

0.3863

03730

03650

03602

0e3624
044507
045635
0.6246
0.6614

0.6748

(8309
0.6111 -

- 0.6288

Q.6642

06879

G.6318

d.63561

0.6149

ROUGT

Al
213574
2104
2088»
2079,
2087,
Rl
2495
2628,
2715,
2747,
2643,
2507,
2653,
27224
2779
2764.
2E5S .

2606

continued -



Life Systems, Jne.

Table 1 continued

21 0

1.818 5.868 52.71 1.686 0.3707 0.6261 2627
22:

l.818 5.870 52.72 1.686 0.3708 0.6253 2EE0.
23 0

L.740 5.557 49.61 1.675 0.3510 0.5881 2547 .
24 ()

1590 4.955 435.61 1.616 0.3130 0.50868 2380
EVERAGES: ) .

1.686 5.339 47«43 1.613 0.3372 0.5491 24'74.

TR RAURFURTNPIET DATA #0104 335 2
CABIN AIMOSPHERE:

FOPSA 14.70 ! PCO 10.00 ! POOPSA 3.100 v W0 T f3l00

VOLUME 8000. ¢
PROCESS AIR OUTLET/INLET:

PaPEA 14.75 + T7 55.00 ' y7 265.0 t D7 50.00
H2 OUTLET /IWLET:

P4P5SA 20.00 t T9 72.00 t VISL 10.00 ' Do 69.00
MODULES

N 96.00 ' 1 6.600 ' DELT1 22.00 ' WM 60.00
PENALTY UEIGHT FACTORS:

PUPEH 0.5910 ' HTPEN 0-.1280 ' HZOPEN ©134.0 ' OXPEN 153¢.
CONTROL:

K ODE 1.000 t NFLAG 1.000 ¢ TIMIN 2.536 t PCIMIN 24500

PCIMAX 24800 ¢ IMAX 6.600 t YMIN 20.00 1 POVMIN 24500

PEVMAX 2.800 1 VHAX 60.00 ' DAYS 10.00 t DT 15.00

BPRRINT 60.00

R R R NG T, TS H 8 H I t

continued -
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Life Systems, Juc.

Table "1 continued

**i%“%-ﬁ*%**DAY 1 S 4k 35 3 S 3h 40 1

PCO

I

V1

AR E S0 A b 4E 4 S 4F S0 SR 48 48 dE 3RS SRR SR SF T B A

0
1000

T30
0

G642
0

H.009
G

B350
0

449368
0

4e712

{
44471

0
4e246

6600

G«600

65600

€+ 500

6600

6600

£.600

G600

G.600

6600

5.6060

6.600

E«600

5600

G5+600

- G.500
6.600

- 6600

G.415

4.252

£0.00

6000
G000
60-00
60400
60400
6000
60400
60.00
60400
6000
60+00
£0.00

60.00

.60.00

G0.00
60.00
60-00
58.16

36,41

D-7
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Life Systems, Jnc.

Table 1 - continued

ZeDV3

2513
AVEAAGES:
44620

3912

44292

4.219

3+556

2764

5.953

33.21

37«00

29.67

21478

B3.55

RO A Y 2 S R R

TIME
ECO

I

vl

AR TR IR SRR SR 30 d SRdE AL IR TR 4P AP 20 SH AR A LS e Sl A

0: 0
2513
1: @
2505
23 0
2505
3: 0
2.505
4: 0
2505
5t 0
2+505
6: 0
2.505
7 0
2+514
8: 0
2.599

2670

2+688

2.694
12: 0

246872
13t O

2+593

2764

24660

2+549

2.648

2648

2.648

2776

3909

4.861

5.104

5.188

4.882

3.825

21.78

2075

2063

2{(.62

20.62

20.62

20.62

21.89

33.18

4267

45.09

45.93

42.88

32+35

D-8
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Life Systems, Jnc.

Table 1

24593
2.6355
2.678

) 2.691
12: 0
2657
19: O
24589
20: O
2502
21 0
LaG20
22: 0
2022

2522
24 0

2.513
AVERAGES:

2593

- continued

3.829
4.388
4.972
5.141
4.682
3783
3¢820
L2735
4.215
IMH56
28764

3.827

32.38
37«95
43.77
45.46
40.89
31.95
3250
St
3623
29.6L
21778

32.357
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